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PRACTICUM O
1. Obtaining of plasma in a multipolar magnetic confinement device

and its (plasma) parameters
D. Alexandroaiei
1.1 Introduction

Plasma is a mixture of electrically charged particles (electrons, positive and negative
ions) and neutrals which are in free thermal moving. Known as the fourth state of mater, this
system is electrically neutral and is governed by the laws of thermodynamics and
electromagnetism. Starting from a certain gas, the plasma sources have to provide the charge
carriers in sufficient concentration and energy, according to their purposes in the research
laboratories or industry. Plasma parameters as ionization degree, temperatures of the charge
carriers, plasma quiescence and homogeneity, etc, are important for various applications. Not
less important for a plasma source, it is its cost and easiness of machination.

Being known as the fourth state of mater, a plasma can be produced by a substantial
heating of a gas, which at high temperature is transformed in plasma (kzT ~ eV;, kg — the
Boltzmann constant, V;— the ionization potential of the gas neutrals). Unfortunately, this way
of producing plasma spends too much energy and is not in general use. For this reason the
most used way to make gaseous plasmas is to “energize” the few free electrons existent in
every gas (as result of the telluric radioactivity or the action of the cosmic radiation) to
produce ionization of the gas neutrals (mv*/2 > eV¥;). This is produced using an electric field
E by applying a voltage V' between two electrodes (cathode and anode) a electric current
source (E = V/d , d — the distance between the two electrodes) for acceleration of the free
electrons. The electrons and ions which result as ionization products are accelerated in the
same applied electric field and they can produce new ionization processes.

The electron-atom collisions and the ionization process are treated statistically. Let o
to be the first Townsend coefficient as the probability that an electron moving from cathode,
in the inter-electrode space, ionizes an atom on a distance of 1 cm. Considering all electrons
(resulted from the first one leaving the cathode) produced in all consecutive ionization
processes along cathode-anode distance, their number is increasing exponentially with the
distance, d, as exp(ad) [1-3].

On the other hand, the same number exp(ad) of ions produced in ionizations move
towards cathode. Here, they strike the cathode surface, and produce emission of other

electrons through y secondary Townsend processes. If y is the number of electrons emitted at
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cathode for one bombarding ion, the discharge electric current / (in general very small)
through the source circuit is [1-3]:

I =1y-exp(ad) /{1 -y[exp(ad)-1]}, (1.1)
where [ is the current of the primary electrons assured by external conditions as cathode
photo or thermo electronic emission, etc...

It is clear that if each primary electron leaving cathode is compensated with another
one by its primary a (volume) and secondary y (cathode surface) processes, namely:

1 = y-[exp(a-d) -1], (1.2)

(see the denominator of (1) if / — ), there are conditions of self-sustaining, and the
discharge, respectively the plasma source is now an autonomous one, arising conditions for
an usual glow discharge or even those for the arc discharge if the cathode material permits.
Now, the current / depends no more on / , its value being controlled by the electrical power
supply and the external resistor Rs from the plasma source circuit. These discharges are
stabile if Rg > R; where R; = (8V/d]) is the internal differential resistance of the discharge
[1.1-1.3].

Different parts of the glow discharge are used according their applications. For
example, short discharges with only the negative glow are frequently used in applications as
surface cleaning and thin film depositions. Different discharge regimes (relative to the
voltage—current characteristics) of the glow discharge, normal, abnormal, or arc are used for
different applications.

The gas pressure p is the parameter that affects drastically the elementary processes in
the plasma discharge. The mean free path for the electron-neutral ionizing collisions, 4; ( 4; ~
1/ p), should be sufficient of long, but no longer than d, for the electrons to gain the
ionization energy from the applied electric field. In this way the existence of sufficient
numbers of ionization processes is assured in order to satisfy the equation (2). For a given
pressure p and inter-electrode distance d, this is happening at a discharge voltage V3 named
the breakdown voltage, which is:

Ve = B(pd) /[ In(pd) + A4], (1.3)
where 4 and B are constants that depends on the physical properties of the cathode and
discharge gas. This dependence of V3 on (p-d) is called the Paschen law, and it divides the
(V,(p-d)) plane, breakdown voltage - product pressure*electrode spacing, in two regions — the
upper one without discharge and the lower one with glow discharge, and, what is very
important, this equation, has a minimum, the Paschen minimum, Vg nmin = Vg (p-d)o, that

means for a gas and cathode material pair there exists a minimum voltage of breakdown for a
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given product (p-d) [1.1-1.3]. Another important fact is that the breakdown voltage can be
reduced using special configurations of electrodes as in the double cathode effect or using an
uniform magnetic field (acting on the trajectory of the primary electrons) which both increase
the ionizing efficiency through “growing” the effective electrode spacing.

Practically, for any plasma source the voltage, discharge current intensity, electrode
configuration (with an equivalent inter-electrode distance and the material of cathode), the
gas pressure, and the working gas are the most important given constructive parameters. For
low pressures cases (107 - 10™ Torr ), when i > d, the primary electrons arrives to anode
making very few or no ionizing processes. In this case the discharge current is very low. For
this reason, to achieve the breakdown and high density plasma the discharge is maintained in
the non-autonomous regime. This discharge may use cathodes heated at thermoemission,
made as a multi-filament uniformly distributed inside or around the discharge volume [1.4].
The filaments generate electron beams by thermo-electron emission and if the pressure is
very low their current is limited at a maximal value given by the Richardson-Dushman law:

1= R-A-T*-exp(-Wy/kT) (1.4)
where R is the Richardson constant, 4 is the filament active surface, T is the temperature, and
Wythe work function of the filament surface. However, this discharge with hot cathode works
at medium pressures (~1 Torr) gas as the old gaseous diodes or the thyratrones. In direct
conduction they work at low voltage and high current intensity, similar to the arc discharge.

Another kind of plasma sources uses so called a synthesized plasma [5], when besides
the filament-cathode, which emits electrons, the anode acts as source of ions through thermo-
ionic emission.

1.2 Multipolar magnetic confinement discharges

With the goal to obtain a homogeneous and relatively dense plasma in a large volume
at low gas pressure (at ;> d or 4;~ d) we use a non-autonomous discharge with hot cathode
(filament) and multipolar magnetic confinement of electrons at the anode in order to increase
the ionizing efficiency. The probability of the ions resulted in electron ionizing processes to
be collected by the cathode (filament) is very low because the filament has a very small
surface. In such a way the ions diffuse and remain around centre of the device forming a so-
called diffusion plasma. The quasi-neutrality condition of plasma is maintained because the
space charge of the ions attracts an equal negative space charge of slow electrons (secondary
electrons resulted in ionization processes) [1.4]

The intensity of the discharge current, /;, in this plasma source is maximally limited

by the functionality of the double space charge formed between the hot filaments and the
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surrounding plasma. Combining the Langmuir condition for plasma double layer [2, 6] and
the Bohm criterion [6] from the formation of space charge sheaths results in the fallowing
expression of /;:

Iy = B-A-eny(kTo/ m)", (1.5)
where subscripts e and i refer to electrons and ions and the constant f is a parameter closed to
unity depending by plasma parameters (n9, 7).

Without magnetic confinement the above described plasma source would be very
inefficient because it should use many heated filaments (or a single long filament), great
electric power to heat them and other resources for device cooling. This inconvenient arises
from the fact that the primary electrons arrive directly to the anode without or with few
ionizing process. The few secondary electrons are easily collected by the anode and the
concentration of the diffusion plasma is of very low density. Therefore, the source uses a
special magnetic confinement of the primary electrons in a region situated in vicinity of the
anode. In this way the primary electrons are able to produce an increased number of ionizing
processes before they are collected by the anode. The secondary electrons are trapped also
and the plasma density is increased (without increasing the number of filaments) because the
losses of charge carriers are decreased.

The basic idea of such of magnetic trap is

Plasma - no magnetic field region to create around the plasma a region with uniform
magnetic field parallel to the chamber wall. When
a charged particle coming from plasma enters in

the magnetic region, it is deflected back into the

plasma (with an angle, 6y , equal with the angle of

incidence, 6;, as in a optical reflection -see Fig. 1.1)
Region of uniform magnetic field

S R S due to the action of the Lorentz force,

Fig.1.1 Trajectory of an electric charged 13L =q(v x B).
particle coming into and coming out a region
of uniform maenetic field

Having in mind the value of the cyclotron radius, R, = mv/gB of the charge-particle
trajectory, it results that the penetration distance into the B field region has a maximal value
of 2-R.. The same value is for the distance between the coming into and coming out points of
the trajectory relative to magnetic field region (see Fig. 1). For good results these distances
have to be very small, fact which is realized by using strong magnetic field so that the

charged particles moving through it are collected by the anode. The above considerations
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refer specially to the primary electrons because they have greater velocities then the
secondary ones.
1.3 General working details of the multipolar magnetic plasma confinement device

In practice, such a magnetic trap is realized using permanent magnets to obtain near
the anode wall a multi-line-cusp configuration aligned parallel to the cylindrical plasma
chamber. To obtain a cusp configuration, equally distanced row-lines of magnets (with the
same polarity) alternate in polarity (Fig 1.2). As it was shown before, and from the general
theory of the motion of the electric charged particle in magnetic-cusp traps [1.7], the primary
electrons moving towards the anode are reflected back inside the chamber with effect of
increasing of their path through the discharge chamber. The secondary electrons are confined
by the magnetic cusp trap even better than the primary electrons because they have low
kinetic energy. The only particles that are loosed from the trap are those which move
normally to the middle of the magnets or are not reflected back at the end of the cusp-mirror
magnets [6,7]. These charged particles which traverse the cusp traps near the anode wall
determine the discharge current of the plasma source. There is an optimal number of row-
lines on chamber inner surface that is depending on magnets and the dimensions of plasma
chamber. This is because the increase of the number of lines of magnets does increase the
magnetic field intensity, but in the same time increases the effective area of electron loss.
Figure 1.2b shows regions with or without plasma (see the space between the magnets, near
the anode-wall).

As a fact which illustrates the trapping effect in this kind of plasma source in Fig 1.4 a
it is illustrated a comparison of the decays of the plasma in a source with (upper curve) and
without (lower curve) magnetic trap, after the bias voltage and the filament heating were
turned off [1.7]. The effective time of maintaining of the plasma in the multipolar magnetic
source is evidently longer than without magnetic trapping. In Fig 3b the radial dependence of
the relative plasma concentrations is presented for three values of the gas pressure. It is
observed a good homogeneity but, this is decreasing with the increasing of the gas pressure

Currently, due to their performances, the multipolar magnetic confinement plasma
devices have a large variety of applications starting with the basic ones in fundamental
research of plasma physics, together with their variants as double or triple plasma machines

and as sources of ion or neutral beams [1.8].
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Fig.1.3. Scheme of the multipolar plasma machine from the Plasma Physics Lab of the ,,Al.L.Cuza” University,
lasi, Romania: PD- driver plasma chamber, PT - target plasma chamber, G — separation grid; F;, F, — filaments,
Uy, Us— power supplies, VA — needle valve for gas pressure setting [1.10].




Typical main plasma parameters for these plasma sources are summarized bellows,

[5]:
Electron temperature (7Te).......covvvvivrieniennennnnn. 1-5eV
Ton temperature (77).....ccceeevvveerereeeerreerreeerreesereenenees ~0.3 eV
Electron concentration (sg).................coccvenn..10°-10' cm™
Ionization degree (#1c/Mp)....cevvvviniiieiiiiinen.. 10°-102
Quiescence (07e/Me) «ovvvenreieniiiiiiiiiiieeaeeannnn, 107
Cost/Complexity (ina 1-5scale)........c..cceeennne 2

Specific characteristic: enriched electron tail of EEDF

These devices work very well also as high frequency discharges [8].

1.4 The multipolar magnetic plasma confinement device from Plasma Physics Lab of
“Al.1.Cuza” University, lasi, Romania

The multipolar plasma source from “Al.I.Cuza” University is a double plasma device
which allows a large variety of general plasma experiments (ion acoustic plasma wave) and
many electric methods of plasma diagnostics [9,10].The device contains two plasma
chambers which are galvanic separated, the driver plasma (PD) and the target plasma (PT),
each of them with its filament, and can be electrically biased one against the other. The basic
vacuum in the two plasma chambers can now attain a value of 10* mBar after 1 hour of
pumping with primary dry and turbo-molecular vacuum pumps. The working gas (argon) is
fed into the discharge chamber through a needle-valve at constant flow speed, of which value
controls the gas pressure (between 10 and 10~ mBar).

The constructive details are shown in Fig. 1.3. The two chambers, of cylindrical form,
are surrounded by 16 in-line-columns of permanent magnets (in our case made of ferrite —
Bmax ~ 0.3 T). The distance between the row-lines of magnets is about 3 cm. The cylindrical
device is ended by flanges through which are the passages for diagnostic probes or other
electrods, observation windows, etc...

The filaments are made of wolfram or tantalum wire (0.5mm thickness and 6-9 cm
length) and are heated by direct current (intensity about 5A) with the two power supplies Us.
After stabilization of the working gas pressure and the filaments have arrived the regime of
thermo-electron emission the discharge is obtained by applying the voltage between the
filaments as cathodes and the chamber walls as common anode with the power supplies U,. A

value of U, around 100 V is sufficient for plasma ignition. Values of 100-300 mA for
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discharge current intensity assures relatively homogeneous plasma (see Fig 1.4) with

concentration values between 10° and 10'° cm™

magnetic 4 1.0 0.5 mTorr |

- trap source (a) _

£ T 0s} 8 mTorr Ar d

g a8 I -
i g

a i L 1 L = 0.6 ]
o ™ ¥ T 1 T =

T E ]

z + 0.4 1

g no trap (b) ]

-
) 0.2 -
° o 0!2 l 0‘4 o :
Q5 msec/div time g - 0.6 0.8 1.0

r/R

Fig.1. 4 (a) The temporal evolution of the logarithm of plasma concentration during of its decay for the cases with
or without a magnetic trap [1.7]. (b) Relative plasma concentration, n(r)/n(0), versus the relative radial position,
7/R, in a cylindrical plasma machine for three values of the gas pressure [1.8].
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PRACTICUM 1
Determination of temperature and density of the two-Maxwellian electron
groups in multi polar magnetically confined plasma by a single Langmuir

probe

L. Sirghi

Introduction

Langmuir probes are planar, cylindrical or spherical electrodes inserted into the
plasma with the goal of monitoring or measuring various plasma parameters, i. e. plasma
diagnostics [2.1, 2.2]. Although, Langmuir probe diagnostics is simple in principle, in
practice there are many aspects that can affect very much the measurements. For example, all
probe diagnostics methods assume that the probe surface is cleaned and it perfectly adsorbs,
without chemical reactions, the electrically charged particles collected by it. In practice, the
probe surface can be covered by various contaminants, including insulated hydrocarbon
molecules from vacuum oil (in case of a vacuum system that uses vacuum oil), or metal
oxides. This can affect very much the current collected from plasma by the biased probe.
Therefore, before measurements a cleaning of the probe surface by positive ion or electron
bombardment is obligatory. There are some other practical complications as it fallows:

1) the plasma is not stable during measurements (the plasma potential, as well as the
density, can fluctuate or drift during the time of the probe measurements);

2) the probe draws large currents from plasma, which perturbs the initial state of the
plasma and lead to erroneous measurements;

3) distortion of the probe current-voltage characteristics due to bad probe electrical
biasing circuitry;

4) elastic, excitation and ionization collisions in the probe sheath (in high pressure
plasmas at large values of the probe biasing potential);

5) presence of negative ions;

6) chemical reactions at probe surface;

7) complex I-V characteristics due to non Maxwellian distributions of charged
particles (presence of ion or electron beams, etc).

In spite of so many complications, the Langmuir probe diagnostics is widely used

because it is relatively simple to use, cheap, and gives reliable values of important plasma
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parameters as plasma potential, density and electron temperature. Moreover, in some
conditions the single Langmuir probe measurements can provide valuable information on the
electron energy distribution function. This plasma laboratory practicum is dedicated to
processing of Langmuir probe data acquired in plasma with two Maxwellian populations of
electrons, as is the diffusion plasma generated by the dc discharge in multi polar magnetically
confined plasma device described in the practicum number 1. An analysis of probe I-V probe
characteristics without taking into account the presence of the two electron groups in this
plasma, i. e. a non Maxellian electron energy distribution function, lead to an incomplete or
false description of the plasma parameters (electron temperature and density). On the other
hand, the analysis of I-V probe characteristics in this case offers a good example of
application of an iteration algorithm to extract the values of electron density and temperature
for the two groups of electrons in this particular plasma device.

Theory

The most simple probe theory used in processing the probe current-voltage
characteristics assumes that the probe current corresponds to collection of charged particles
drown from an infinite (the plasma volume is much larger than the probe volume) and simple
(formed by neutral atoms, positively ionized atoms, and electrons) plasma. The electron and
ion velocity distribution function are considered Maxwellian and the ion temperature, 7;, may
be different of electron temperature, 7, (in cold plasmas 7; << T, while in thermal plasmas, 7;
= T.). In these conditions, the probe biasing potential, V;, the probe geometry, and the plasma
parameters are the only factors that determine the value of probe current intensity. Thus, the
probe current-voltage characteristic, which is the probe current intensity, /, acquired as a
function of probe biasing potential, V', has typically three regions, as it is depicted in Fig. 1.
The tree regions are:

1) ion saturation region, when V;, << ¥, (¥, is the plasma potential) and the probe
collects all positive ions in their thermal moving towards probe surface and reject almost all
the electrons (V-V}, >> kT /e);

2) electron saturation region, when V}, > V), and the probe collects all the electrons in
their thermal moving towards the probe surface and reject all the positive ions.

3) transient region, when ¥, < ¥, and the probe rejects partially the plasma electrons.
This region contains the information on the plasma electron temperature and electron energy

distribution function [2.3].
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Conventionally, the current intensity given by electrons collected by the probe, /., is
considered positive, while the current intensity given by the positive ions collected by the
probe, I;, is considered negative. Thus,

107,) = 1.0,) - L(V,), (1)
where absolute values of /. and /; are taken. As it is illustrated in Fig. 2, at V', = V), there is no
sheath of space charge between the plasma and the probe surface. Therefore, the probe
surface at plasma potential collects all the electrons and ions which in their thermal
movement come on the probe surface. The thermal current intensity of electrons collected by
probe is:

kT,
27m,

1, =S-e-_|.:fex(vx)vexdvex = S-%e-ne <v,>=e-n,-S-

: 2)

where S is the electron collecting area of the probe, f.,, the electron velocity distribution
function along the direction x (perpenducular on the probe surface), e, the elementary electric
charge, and m,, the electron mass.

Similarily, for ions:

L, =S'e-‘[:ﬁx(vx)vudvix :S-%e'ni-<vi >=e-n;-S- 2kB—T" , )
m,

1
Generally, since m; >> m,, <v,> >> <v;> and [y << I,. For cold plasmas, the ions are

heated in a presheath and they comes towards the probe surface with Bohm velocity[2.4],

<V, > =V, = sl . Therefore, for cold plasmas the Eq. (3) is written as:
mi
I,=S-en-vy=e-n S kBT". 4)
m.

In the region of ion saturation, / = -I;p, while in the region of electron saturation I = /.
In these regions a positive, respectively, negative space charge sheath forms between the
plasma and the probe surface (Fig. 2). If the sheath thickness is much smaller than the probe
dimension, the charge collection surface hase approximately the same area as the active
surface of the probe. The most interesting part of the probe /- characteristic is the transient
region, when between the probe surface and plasma there is a positive charge sheath that
rejects partially the electrons coming from plasma (Fig. 2 B). In this region the electron
current has an exponential dependence on V. Indeed, in this region V} is negative with
respect to the plasma potential, V,, and the probe collects all the positive ions entering in the

probe sheath and the only electrons that are fast enough to reach the probe surface [electrons
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of which kinetic energy, mv,’/2, is larger than the mechanical work of the electron retarding

electric filed of the probe sheath, e(V},-V3)].

[[mA]
>

- - I
i el
8l ’ —1
—1
6 ion saturation transition electron saturation
region region region
41 i
210 4
/ 1

S0 8 6 4 ] 0,12 4
i I TR

Fig. 1 Theoretical probe I-V characteristic for a plasma with 7, =1 eV and T; = 0.1 eV. Values I, =
10 mA, I;p=0.5mA, V,=0V and V;=-3 V are assumed.

plasma V 7

Fig. 2 Collection of charged particles from plasma by a probe biased at plasma potential (A),

negatively with respect to plasma potential (B), and positively with respect to plasma potential.

LI)=5 e | fulv)Vadv, =1, exp(eV, /k,T,), (5)

1n

where Vin = (-2¢V /me.)"?, V, =0, and V}, < 0. This exponential dependence can be used to
determine the electron temperature. Thus, the semilogatithmic plot of V-I characteristic in

this region is linear and the slope, tg( ), of the linear dependence of In(7,) on V} is:
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ln([eZ ) - ln([el ) _ e
Vb2 - Vbl kBTe ’

tg(a) = (6)

where Vy,; abd Vy, are two values of V,, at which the electron current intensity has the values,

1., respectively, I,;. This computes the electron temperature as:

Vb2 B Vbl
L) = )~ @)

The value of the electron temperature can be used in the Eq (2) of the electron saturation

current to compute the electron density:

n, 1y |27m, )
eS \ kT,

It is worthwile to note the value of the probe floating potential, V', on the probe I-V
characteristic (Fig. 1). This is the probe biasing potential at which the probe current intensity
is null, which means that the probe surface at this biasing potential collects equal amounts of
electrons and ions:
L.V, =1,1}) )
Using the expressions [;(Vy) = Ly and I(Vy) = Lgexp(Vy/ksTe),in the Eq. (9) computes the
value of Vyas:
V,=kyT,-In(I,,/1,,) (10)
The probe theory described above works well in plasmas with a single population of
Maxwellian electrons, i. e. the velocity distribution function of electrons is the Maxwell
distribution function at thermodynamic equilibrium temperature 7,. However, the electron
velocity distribution function in real plasmas is rarely Maxwellian. Particularly, the diffusion
plasma obtained in multipolar magnetically confined plasma device has two Maxwellian
electron populations [2.5]. They are the primary electrons, which are emitted by cathode,
accelerated in the cathode sheath and thermalized due to their excitation and ionization
collisions with neutral atoms in the confining magnetic filed region, and the secondary
electrons, which are the electron resulting from ionization of the neutral atoms. The primary
electron group is less numerous than the secondary one (n, << n,) but more energetic (7, >

T). The electron energy distribution for this plasma can be written as:
f,(v)= np(me/27rkBTp)3/2 -exp(— mev2/2kB Tp)+ ns(mﬂ,/ZﬁkBTS)y2 -exp(— mevz/ZkB TS), (11)
where n,, n, T),, and T are the densities and, respectively, temperatures of the primary and

secondary electron groups. In this case, the electronic probe current in the transient region is

the sum of primary and secondary electron current intensities [2.6, 2.7]:
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Ie(l/b) = S.e.j\:;inf;(vex)vexdvex = IOp 'exp(el/b/kBTp)-l_IOs .exp(el/b/kBT;)’ (12)

where Iy, and I, are the electron saturation current intensities corresponding to the two group

of electrons and V), = 0. The saturation electron current intensity are computed by:

k,T

I, ==e-n,-S- |~ (13a)
2zm,

I, ==e-n,-S- 8T, (13b)
2rm

Experiment

Figure 3 presents a probe I-V characteristic acquired for a cylindrical Langmuir probe
(tungsten wire with 0.3 mm in diameter and 5 mm in length) in the multipolar magnetically
confined plasma obtained by electrical discharge (discharge current intensity of 100 mA, and
discharge voltage of 70 V) in air at pressure of 10 Torr. The multipolar magnetically
confined plasma device, the data acquisition system of the probe I-V characteristics and the
digital data processing software are described in Annexes. The probe current and biasing
voltage data are stored in a file (CSV type) and processed by a specialized homemade

software in LabView.

V3 DRV width |3 Plot 0

T3+

floating potential [V]

12.97737

manas plasma potential [V]
........ E 52876
Ie0

] 0.34043¢

Amplitude

. o 5 : = 10
b
Fig. 3. Plots of (V) probe characteristic (white) and its first derivative (red) used to

determine the values of V), and V.

First step in data analysis consists in identifying of the values of plasma potential, V),
and floating potential, V', . The plasma potential is identified at the inflexion point on the

probe I-V characteristic, which is the position of maximum of the first derivative of /(7}). On
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the plots in Figure 3 is an example of completion of this step in LabView. The values of V),
and Vy -V, are determined. Note that for 7, > V), the electronic current does not reach
saturation and the probe current intensity continues to increase with the increase of V5. The
cause of this phenomenon will be explained and studied in another practicum. However, the
phenomenon makes difficult the identification of ¥, and the electron saturation current
intensity, Iy, on the I-V probe characteristic. This is why, this data analysis step uses the
inflexion point method to determine V),

Next step in the data analysis consists in extraction of the electron current from the
total probe current. This is done by identifying of the ion saturation current intensity, -/;, (as
minimum negative value of the probe current intensity) and approximating /, with /+7Z;.

In(1e)

] method
fit In{le) - .-LI-————————-
-/ Least Square
o save In(I) 1 q

Plot 2

0.5-5

I max

I3.34DDE
10
Il].l]l] 1227

V range

|-2.63263

SUM(Er) "2

|1.7367 12E-5

Tel [eV]
4.94083

0.0

Amplitude

f

101 [mA ]
0.78244

g

Te (input)
la.99262

[

-2.0-F | | | i | i i i o | i | | ] | | | " i
-7.0 -6.5 -6.0 -5.5 -50 4.5 4.0 -3.5 -3.0 -25 -20 -1.5 -1.0 05 00 05 1.0 1.5 2.0 Ie0 (input)
Time s
10.19534=
1 P Wb -

Fig. 4. Example of semi logarithmic plot of /.(¥}) and separation of the contributions of the

!

secondary (7 and /) and primary (7}, and /) electron populations.

Then, the dependence In/I.(V3)], where V), is taken with respect of the value of V),
found in the first step, is analyzed. Figure 4 presents such a semi logarithmic plot of
electronic current dependence on ¥, in LabView software. The plot shows clearly a two-slope
linear dependence. At low values of the probe retarding potential (V}), which corresponds to
low values of electron kinetic energy, the slope of the linear dependence of In(,) on V} is

larger and corresponds to low value of secondary electron temperature, 7. At large value of

Plasma Physics Laboratory, UAIC IASI, Romania | Pagel8




Vs, the slope of the linear dependence of In(7.) on V} is smaller and corresponds to the larger
value of primary electron temperature, 7,,. However, the slope values of linear dependence of
In(Z,) on V} in the two regions do not give accurate values of 7y and 7,. because the
contributions of the two electron populations on /. are not taken separately. Therefore, an
iteration algorithm is applied to separate the contribution of the two electron populations to
the total electronic current. The iteration algorithm is represented in Fig. 5. In the first step of
the algorithm, the values of Ty; and Iy are determined from the slope of linear dependence of
In(Z,) on V} in the region of low values of the retarding biasing potential [-1V; OV]. Then the
value Iy and Ty, are used to determine /y(V3) as I, -exp(eV,, / kBTY) and the component 1,(V})
is determined as 1.(V}) — Iy(V}3). Then, the linear dependence of In(7,) on V}, is used to compute
the values 1,; and T,; corresponding to the primary electron population. In the next step of the

iteration, these values are used to compute 7,(V3) as 1, -exp(eVb / kT p) in order to determine

the Iy(Vy) as 1(V)-1,(V3). The result is used to compute the values /;> and T, which are then
used to compute /,, and 7},,. And the algorithm may continue until the values of I, 1, T,
and 7, converge. Table 1 presents the values obtained along three steps of the iteration for the

I-V probe characteristic presented in Fig. 5.

step 2

T, Iy =I =I-1I,," expeV/k = Ty Loy
step 3 n

T3, Ioss =Ip :Ie_10s3'eXP(eVb/k3713)|= Ty Lops

Fig. 5. Three steps of the algorithm used to separate the contributions of the primary and
secondary electron populations from the total electronic current of the probe, I.. The
algorithm determines the temperature and saturation current values of the two electron

populations, T, T, 1y,, and Iy, respectively.
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Number of iterations

Primary electrons

Secondary electrons

step 1 lpp; = 0.0338 mA Iy =0.4069 mA
T,,=1.267eV T;;,=0.212eV
step 2 lpp2=0.0327 mA Ips2=0.3837 mA
T,,=1.283 eV T, =0.2185¢eV
step 3 Lpp3 =0.0291 mA Ip3=10.3412 mA
T,5=1.393 eV T;3=0.2311eV
step 4

Table 1. Example of 7, and /.y values found after 3 iterations leading to separation of the two

electron populations and accurate characterization of the electrons in multi polar magnetically

confined plasma.
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PRACTICUM 2
Determination of electron energy distribution function

by Druyvesteyn method

D. Alexandroaiei

Introduction
In the practicum 1 one has established that the Langmuir probe electronic current is a

function of the probe retarding biasing voltage, 7, which is measured with respect to the
plasma potential V, (V' =V, — V), , where V} is the probe biasing potential). Having in mind
that an electron from the surrounding plasma can reach the probe surface if its kinetic energy
exceeds the electrostatic energy at the entrance in the probe space charge sheath:

meve’ 12> eV, (1)
it results that the probe electronic current intensity is a function of this voltage, I, = I.(V).
More precisely, the electronic current variation d/,, for an interval of the biasing voltage [V, V'
+ dV], corresponds to an interval of velocities [v, vy, + dvy] and, of course, to a variation of
the number density corresponding to this,

dn, = fo(vy)-dv, ,

where f(v,) is the electron velocity distribution function (EVDF). As it was discussed above,
we can write:

dl, = eAp vodn,, 2)
and this shows that there is a connection between the derivative of Langmuir probe current-

voltage characteristic (dI./dV) and the EVDF:

I(V)=edp- j v, - f.(v,)dv,, where v(V)=(2-eV/m,)"* (3)
v(V)

For a probe which is not plane and for isotropic plasmas one has to reconsider the
condition (1) for the electrons because they come from all directions of the semi-space in
front of the probe (taken to be small) and one have to take in consideration a three-
dimensional EVDF. Now, the information on EVDF is contained in the current-voltage probe
characteristics, I, = I,(V), but in a more complicated mode. For this case Druyvesteyn has
shown that EVDF, f(v), is proportional to the second derivative of the I-V probe
characteristic, /, = I,(V) [1]. This fact is demonstrated in the following.

Plasma Physics Laboratory, UAIC IASI, Romania | Page2l




Theoretical Background
1. The electronic probe current for a retarding-electron voltage

When discugeing about an isotropic plasma, we are discussing about an isotropic

z
electronic veloc™:~ distribution function (EVDF), which is f(v) = f(v,0,¢) in spherical
zq :

/\( ‘/_ coordinates or f(V) = f(v, v, Vv, in rectangular
v

coordinates. In the case of the isotropic plasmas the

distribution function does not depend on the angles &
and ¢, namely f(v)=f{v).

Considering that for a retarding probe

potential V, with respect to plasma potential, the
electrons can reach the probe surface if

%mevz2 = %mev2 cos’@>eV 4)
Fig.l. Geometry of electron

the total current of the electrons that are collected by

probe [2-5], is

movement in the probe sheath.

Io=-Ay e D= -4, emv f(v)-v'sin@-d@-do-dv,

where @,; is the electronic flux in the Oz direction which is perpendicular to the probe

surface (see Fig.1):

b,. = Zj”dgagfcose-sine.da.ofv f(v)veav.
0 0

The velocity v is the projection of the electron velocity on the axis Oz, v, =v-cos@ (see

Fig.1), 6y, is the maximal limit of & angle at which, for a given value of V, the plasma

electrons having the initial velocity v arrive on the probe surface with a zero velocity. From

the condition (4), it results that cosd, = |2€ %1 2 .The integration limit v, for the variable

v is the lowest value of the plasma-electron velocity, v,, = 26% , which corresponds to 6
=0.
Integrating the equation (5) along ¢ and 6 results in :

Oy
:l(l—coszﬁ L 2eV2 , and
2 2

Oy

0

2z oy Oy 1
jd(pzzﬁ , jcosa-sine-dezjsine-dsin9:5s1n20
0 0 0

Becomes:

)




16=—Ap.e.zﬁ~%-If(w{l—iefj mt 12-d(m,y* 12)

e el e

By changing of the variable velocity, v, with the kinetic energy E., E, :% mv*, the
electronic probe current for the retarding probe voltage, V, becomes:

22 (B~ V) (E)-dF, ©)

e eV

where f(E,) is the EVDE, f{v), in which v is replaced with (2E./m.)">.

10)=—4,

Observation 1:

%
If one takes f(E.)=n, (2;:” ] exp( lic" ]: fo(E.), namely it is assumed a Maxwell

distribution function for plasma electrons, by resolving (6) it is obtained the expression of the

electronic probe current described in Practicum 1:

Ie :IeO'eXp(_eI%T]a (7)

8KT,
w-m .

e

e'no‘

where 1, :—%Ap .

2. Determination of electron energy distribution function

The probe current (6) it described mathematically by the fallowing generic equation:

G(x) = [F(x,y)-dy, (®)
g(x)
and its derivative is:
dG G OF dg
— = | — d-——2F(x, . 9
dx gz[c) o P (x y)|y:g(") ©)

Where G(x) = IL(V), F(x,y)=(E, -eV)-fE); E =y, x=V; gx)=c-V.

Therefore, the first derivative of the I, — V' characteristic is:

dl 2er- A
ST {If(E)( e)-dE, — } (10)
while the second derivative is:
d*I, d (dl,\ 2'7-A,
e dV(dV} —t {jo dE, ~e- f(E,), eV} (11)
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From (11) we find the EVDF as:

-1 (m_jz d’l, (12)

BV " 2ex-d, e ) av?

f(E.)

Observation 2:
Having the electron velocity distribution function, f(v), which was transformed in f(E.)
as it was shown before (v = (2Ec/me)1/2), we can obtain the electron energy distribution

function (EEDF), fz(E.), by using the fallowing conversion relation:

dn=4m’- f(v)-dv=f,(E,)-dE,,
where fr(E.)-dE. is the electron number with v € [v, v+dv] and E. € [E. , E.+dE.] with dv/dE,
= (2Ec/me)‘”2. Therefore, the EEDF, fx(E.), is:

-4 |m-V d’I
E = -,/ el 2L e 13
fE( C)|EC:eV ezAp e de ( )

Observation 3:
The EEDF at E. =0 is zero, therefore the second derivative of the 7, = I.(V) is null in
V =0, which is at V;, = V,. This means that V), is the probe bias voltage for which the second

derivate of the I, = I.(V) is zero or its first derivate, d I./dV, has the maximal value [5].

Experiment

Figure 2 presents a probe I-V characteristic and its first and second derivatives for a
cylindrical Langmuir probe (tungsten wire with 0.3 mm in diameter and 5 mm in length) in
the multipolar magnetically confined plasma obtained by electrical discharge (discharge
current intensity of 100 mA, and discharge voltage of 70 V) in air at pressure of 10™* Torr.
The multipolar magnetically confined plasma device, the data acquisition system of the probe
[-V characteristics and the digital data processing software are described in Annexes. The
probe current and biasing voltage data are stored in a file (CSV type) and processed by a
specialized homemade software in LabView. The first and second derivative of the /(V) are
computed locally [5], in each point of the I-V characteristic, by fitting of the characteristic on
a small interval of biasing voltage values centered on the reference point by a second grade
polynomial function (see Fig. 3)

A first question concerning the derivative computation is the fact that for bias
voltages in the retarding-electrons region the probe current contains both by the electronic

and the ionic current:
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I1=1,+1
In practice, because I, >> [; and /; has a very weak dependence on V, it is not necessary to
subtract the ion component of the probe current before computing the derivatives.
Another question is the presence of the plasma noise which can affect the probe
characteristic and the derivatives. Analogical circuits can be used to prevent or to stop the
influence of the noise or in the case that it is presented noise-suppression techniques are used

for smoothing the /-V characteristic.
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Fig. 2 Probe I-V characteristic and its derivatives. Plasma potential is determined as the biasing

potential at which dI/dV is maximum or at which dI/dV = 0.

!
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I(Vy) = a(V-Vy)*+b(V-Vy)+c
I'(V,) =b
I"(V,) = 2a

---1 1,
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\ 2

P 2-10 +1 +2
Vy Vs

Fig. 3 Computing the local value of I(V) derivatives by polynomial fitting of a small portion

of the I-V curve. The fitting interval, AV, determine the energy resolution of the EEDF.
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Fig. 4 EEDF and EEPF computed with different energy resolutions. a) AE = e-AV = 0.3 V; b) AE =
eAV=0.5V;a) AE=eAV=0.75V;
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Figure 4 shows the EEDF and EEPF computed with different energy resolutions, i. e.

different values of polynomial fitting interval, AV. Increasing of the smoothness of second

probe derivative is done with the expense of the loosing energy resolution. At high energy

resolution the noise is dominant in the energetic tail of the EEPF, fact which discards the data

obtained in this region.
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PRACTICUM 3
Dependence of ion and electron saturation currents on probe geometry
L. Sirghi

Introduction

As it has been described in practicum 1, the theoretical probe I-V characteristic in a
homogeneous plasma has an electron saturation region, when the probe is biased positively
with respect to plasma potential, V,, and the probe current is constant and equal to the
electronic saturation current of the probe, /.9, and a ion saturation region, when the probe is
biased negatively with respect to V), and the probe current is constant and equal to the ion
saturation current of the probe, -I;). However, in practice the probe current intensity in the
saturation regions is not constant. Figure 1 presents a real probe I-V characteristic that shows
in the electron saturation region (¥, > V),) a continuous increase of the probe current with the
increase of V. On the other hand, in the ion saturation region (V, << V, —kT./e) the ion
current continues to increase with the decrease of V;. In order to understand why this is
happening, we have to consider the probe geometry effect on the area of charge collection

surface of the probe.

T T A

151 . i
g o /,,eo=o‘.53mA|; _
~ ol _
ol _%_%éovr

V, [V]

Fig. 1 A real probe IV characteristic showing a continuous increase of current intensity in the

electronic saturation region (V, > V,, V, = 0).
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An electrically biased probe is usually separated by plasma by a space charge sheath
of which thickness, d, determines the area of the charge collection surface (Fig. 2). In the
practicum 1 d is considered negligible small by comparison to the probe dimension. In this
case, the charge collection surface of the probe, S, has approximately the same area as the
active surface of the probe, S (Fig. 2 A). On the other hand, if d is comparable with the probe
dimension, S, is larger than S (Fig. 2B). The geometry of the probe is important, the effect
being more important for spherical or cylindrical probes than for planar probes (Fig. 2C). As
d depends on V7, S, continues to increase with |V}, - V,| with the result of increasing of the
intensity of saturation probe currents. Thus, the probe current intensity in the electron and,

respectively, ion saturation regions is:

I=1,-S.(V,)/S for V, >V, (1a)
I==1,-S.(V,)/Sfor V, <<V —kT, /e, (1b)
where
Ly=S-jo=Sren <v,>=e-n,-S- bTe (22)
4 27m,
I, :S-jOizS'le~ni<Vi >=e-n;-S- M, (2b)
4 27rm,

1

and j. and j; are the thermal densities of electron, respectively, ion currents in plasma.

plasma Al plasma B || plasma e
— S.=§ d,
probe probe
) ) Yy
V,>V, V,>>V, V,>>V,

Fig. 2 Variation of the area of charge collection surface, S., of an electrical probe in the electron
saturation regime (¥, > V,). A: The thickness of the space charge sheath between the probe and
plasma, d, is much smaller than the probe dimension and S. =S; B: At large values of V}, (V; - V), >>
kT, /e) The thickness of the space charge sheath between the probe and plasma is comparable with the
probe dimension and S, > S; C: The effect of increasing of S, depends on the probe geometry, it being

stronger for cylindrical or spherical probes by comparison to the effect for the planar probe.
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The thickness of the probe sheath, d, depends on how strongly is biased the probe
against the plasma, i. e. |V};-V),|. Naturally, d increases with the increase of |V}-V,|, with the
effect of increase of S.. This increase of S, determines the increase of probe saturation current
in the electron regions as it is shown by the probe I-V characteristic presented in Fig. 1.
Theory

The thickness of the probe sheath, d, is usually approximated by the plasma Debye

& kT
2, =Bk @)
n-e

where n is the plasma density, e the elementary electric charge, and T7,, the electron

length,

temperature. This approximation works well for weakly biased probe (for |V} - V,| = kT./e),
but underestimate seriously the value of d for strongly biased probe (for |V} - V)| >> kT,/e).
Using the Bohm current intensity for the ion saturation current intensity in the Child-
Langmuir equation for a strongly (negative) biased probe, the fallowing equation for d is

obtained[4.1]:

3).

dzﬁD{ kTe

Thus, for a probe biased at V-V, = 10-kT./e, d = 6-Ap. This result shows that the probe sheath
can be one order of magnitude larger than the Debye length.
It is difficult to establish an analytical expression of variation of S, with V; for a

planar probe. R Sheridan [4.2] has proposed the fallowing empirical dependence S, on on V)
for a small planar disk probe:

S, =S-(1+a-n"), 4)
where 7 =e(Vp —Vb)/ kT,. The fitting parameters a and b for 5< 77 < 30 and R < 45-1p are
given by:

a=228-(R/2,)"™, (5a)
and b=0.806-(R/ A, ) """, (5b)

Here Ap is the Debye length and R, the radius of the planar disk probe.

For cylindrical and spherical probes, the effect of probe geometry on the behavior of
the probe I-V characteristic in the saturation regions is described well by the single particle
orbital theory developed by Langmuir and Mott-Smith [4.3]. This theory considers the

ballistic movement (without collisions) of charged particles in the attractive electric field of
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the probe sheath (Fig. 3), movement that obey the energy and angular momentum
conservation laws. Thus, the fate of attracted charged particles entering from the unperturbed
plasma at the electric potential V), in the field of the probe sheath depends on particle velocity
vo and impact parameter, p, at the moment of entrance. Particles coming into the sheath with
large vO and p will be deviated, but not collected by the probe. For a certain value of v, there
is a critical value of p, p., for which the charged particle reaches the probe surface. To derive
an expression of p., the particle energy and angular momentum conservation lows are written

for critical particle trajectory (see Fig. 3) as it fallows:

2

2
mv mv
20+q'Vp=T+Q'Vb (6)
and
mv,-p.,=mv-R. (7)

Simple algebra operations lead to the fallowing expression of p.:

’ 2q(V -V,
p.=R- 1+Q(P—2b) (®)
mv,

Considering that all the ions that are collected by the biased probe enter in the probe sheath
with the same initial velocity, vy, the fallowing expressions of the probe saturation ion current

intensity are found for cylindrical and, respectively, spherical probes:

’ 2q(V, -V, ’ vV -V,
]i:q.n.VO.zﬂpc.Z:jiO.z;[R.[. 1+q(p—2b)=]0i, +(P b) (9)
mv, v,

1
24V, -V, V.-V,
mv, v,

However, the real movement of particles in the probe sheath is more complicated
because not all particles have the same initial velocity vy at the entrance into the probe sheath.
Langmuir and Mott-Smith considered a Maxwellian velocity distribution of vy, which
resulted in more complicated expressions for the probe saturation current in the saturation
regions [1]. However, for thick probe sheaths (d > R) the equations (9) and (10) can be
applied for Maxwellian plasma particles by taking the expressions (2a) and (2b) for the probe
saturation current intensities [y, and /y; and the thermal velocity for vo [1]. Thus, Vy = kT, /e.

Equations (9) and (10) apply as well for the electron saturation current.
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Fig. 3 Ballistic motion of ions in the radial electric filed of the probe sheath of a strongly (negative)
biased cylindrical or spherical probe. All ions coming to the probe with p < p. are collected by the
probe surface (trajectory “2”). All ions coming to the probe sheath with p > pc are escaping the
attractive field of the probe sheath. Particle coming to the probe sheath with p = p. collide the probe
surface tangentially.

Experiment

The experiments are performed in multi polar magnetically confined plasma device in
argon plasma at pressure ranged between 10™ to 10™ Torr. A cylindrical probe with length of
5 mm and diameter of 0.3 mm is installed in the center of the plasma chamber along its axis.
Before measurements, the probe is cleaned by electron bombardment. Then, the I-V probe
characteristics are acquired and processed by specialized homemade software in LabView.
The goal of the experiment is to investigate the dependence of probe current on V} in the
probe electron and ion saturation regions.

First step in data processing consist in determination of plasma potential, V), and
taking the value of V), as reference for 7}, (which means that the I-V probe characteristic is
shifted on the potential axis so that V}, = 0). As in the practicum 1, the value of V), is
determined by the maximum of first derivative of the probe current, I’ = dl/dV}.

Next step in data analysis is to examine the dependence of square of / on V. Since for
the cylindrical probe a dependence of the probe current intensity on the square root of
1+e|Vp|/kT is expected in the saturation regions. Figure 4 presents an image of the front panel
of the LabView data processing program used to analyze the single probe I-V characteristics
in the electron and ion saturation regions. The upper graph is used to determine the values of
plasma and floating potentials, while the bottom graph of (V) is used to examine the

behavior of I-V characteristic in the electron saturation region. As expected, the dependence
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of F on V' in this region is linear and a linear fit of data provide values for /.y and 7,. The
obtained values of 7,y and 7, can be compared with the electron saturation current and
electron temperature obtained in Practicum 1. The front panel has a similar graph for analysis
of the probe ion saturation region (not shown). This graph of I,(V}) is used to determine the
Bohm velocity (or the ion temperature in hot plasmas) of ions and the ion saturation current,
Ip. However, this analysis does not work for the multi polar magnetically confined plasma,
the value of [y being negative. A possible cause of this may be the effect of energetic
particles (electrons) on the probe sheath.
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Fig. 4. Example of data processing by a dedicated LabView software used for analysis of the single
probe I-V characteristic in the electron saturation region. The square of the probe electronic current

increases linearly with the increase of V;, for V;, > 0.
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PRACTICUM 4
Double electrical probe I-V characteristics in homogeneous plasmas.

Measurement of the electron temperature and density
C. Costin

Purpose

The purpose of this practical work is the measurement of electron temperature and
plasma density by means of double probe.
Theoretical background

In some cases the simple electric probe (also called Langmuir probe) can not be used
for plasma local diagnosis (such as the case of plasmas without reference electrodes, plasma
regions with very high electric potential with respect to a reference electrode, cosmic plasmas,
etc) and it can be replaced by the double probe.

A double probe consists of two single

probes, in most of the cases identical, introduced in

Plasma
plasma at a relatively small distance one to each
other. This distance must be greater than the sheath islé ;}lg
regions of the two probes, but smaller than the % ;’
typical dimension of plasma inhomogeneity. A f.: g
power supply is connected between the two probes r ’ —
(outside the plasma), in order to bias one of them M
with respect to the other. A mili- or micro- /"‘l|/v
amperemeter can be used for current measurements )C_/V\(

while a voltmeter can indicate the biasing voltage

) Fig.1. Scheme of the double probe
(see Fig.1).

.. circuit
In order to understand the principle of the

double probe some assumption has to be made: (i)
homogeneous and collisionless plasma and (i) all
assumptions for the Langmuir probe are valid.
The theory is similar to that of a Langmuir probe, except that the current is limited to
the ion saturation current for both positive and negative voltages.
When the two probes are floating, both of them will be negatively charged with

respect to plasma at the floating potential
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T T m,
v, =y, - Rale | T,
P2 \Tm,

where V;is the floating potential, V), — plasma potential, T, ; — electron and ion temperature,
me; — electron and ion mass, e is the elementary charge (1.6x10™"° C) and ks the Boltzmann
constant (1.38x107 J/K). In this case the current density through each probe is zero:

e(Vf—V,,)]:O

— i a =i — 7 ex
J=JitJe = Joi ~Joe P( kT,

where j,; and j,. are ion and, respectively, electron saturation current densities given by

. 1 8kBT;'e
]oie =—en0 = .
T4 m,

ie

Plasma density is designated by ny and the current density is obtained by dividing the
measured current to the probe area.

By applying a biasing voltage U
between the two probes, for example probe 1
more negative than probe 2, the potential of Plasma
each probe will become V; and V, (Fig.2). 1

Both probes remain at a negative potential

<
b

with respect to plasma but because V, #V, a

Y/
. .. p
current will flow through the circuit of the
: oo\
two probes. Each probe will collect from the U V¢

plasma a current carried by electrons and  Vj

ions, corresponding to the potential difference

Fig.2. Potential distribution between the two
between the probe and the plasma. As the two

probes are connected in a series electric probes

circuit, the currents collected by the two

probes have to be equal in magnitude, even if

one probe (1 in this case) collects more ions while the other (probe 2) collects more electrons.
Thus, the current density through the electric circuit can be written:

e(,-V,)

e(VZ - Vp)
kyT,

=—j. =—(j. +7.)=—7 . +7 .ex
J Jo=—a + Jur)==Jr + Joer p( P

J=h=JatJa=Jon = Joa exp(

As homogeneous plasma was assumed, then j  =j.,=/, and j =/ ,=j, . The

expression above can be rewritten only as a function of j,; and U=V, -V:
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-1
j=j,———=%—=j, tanh v .
( eU j 2k,T,
exp| — [+1
BTe
A typical ideal current-voltage characteristic of the double probe is plotted in Fig.3.
J

Jo

Fig.3. Ideal current-voltage characteristic of a double probe

The maximum current in the double probe’s circuit is limited by the ion saturation (or
thermal) current. The electron current in the double probe’s circuit is given by a small
fraction of electrons moving from the plasma to the probes, namely the most energetic ones.
Once the ion saturation current is measured, the electron temperature can be estimated from
the first derivative of the current-voltage characteristic of the double probe calculated at U =
0:

dj €

ﬁuzo =1ga zj—;a.

This relation is valid only if the electron distribution function is maxwellian.

One advantage of the double probe is that neither electrode is ever very far above floating, so
the theoretical uncertainties at large electron currents are avoided. If it is desired to sample
more of the exponential electron portion of the characteristic, an asymmetric double probe
may be used, with one electrode larger than the other. The characteristic in this case is still a
hyperbolic tangent, but shifted vertically. Another advantage is that it needs no reference to
the vessel. On the other hand, it shares the limitations of a single probe concerning

complicated electronics and poor time resolution.
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Experimental set-up

The double probe consists of two cylindrical probes made of tungsten wire (Smm in length
and 0.3 mm in diameter) disposed at about 3 mm one to the other. The probes are fixed in a
ceramic shaft, only the active part remaining non-isolated. For measurements, the double
probe is introduced in the multi-polar confinement plasma device described in Annex 1. The
circuit used for drawing the current-voltage characteristic of the double probe is almost the
same as the one used for the Langmuir probe (described in Annex 2), with two differences: 1)
the entire measuring system is floating and 2) the probe connector is linked to one probe and

the ground connector is now linked to the second probe.

Suggestions for practicum

1. Manufacture your own double probe head. Materials needed: ceramic tube, tungsten wire,
copper wire.

2. Draw current-voltage characteristics of the double probe for different plasma conditions.
Determine the ion saturation current and electron temperature using the proper formula.
Calculate the plasma density.

3. Obtain the double probe theory when the two probes have different areas.
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PRACTICUM 5

Triple probe
G. Popa

1. Introduction

Triple probe (TP) consists of three electrical probes connected in a certain electrical
circuit, which can be used for plasma diagnostic. Practically it assumes to measure potentials
and currents in the circuit, which can be used for calculation of plasma parameters. Plasma
parameters which can be obtained by the TP are electron temperature and electron density.
Present model for data acquisition and calculation of plasma parameters with such a system is
based on similar hypothesis used for classical Langmuir probe. Main advantage of such a
system is that it can also be used in any un-magnetized plasma which has no inner electrode
as reference for plasma potential. Moreover, it allows to measure plasma parameters in non-
stationary plasma so it permits to follow plasma parameter fluctuations.
2. Theoretical model.
Let us assume the TP system made of three identical planes Langmuir probes. The probes are
placed in uniform and stationary and un-magnetized plasma and the following Langmuir
hypothesis are satisfied [1]:

1) the plasma is considered as mixture of three “ideal gases”: electronic, ionic and
neutrals. Each “gas” is characterized by its thermodynamic parameters: density
and temperature as following: n, and 7, for electrons, n; and 7; for positive ions
and n, and 7, for neutral atoms, respectively. The neutral atoms belong to the
neutral gas in which plasma state is produced. The positive ion being single
ionized state of a single atomic species. Plasma is quasi-neutral so that n, = n; = ny

i) the plasma is non-isothermal system and electron temperature 7, is larger or even
more larger than ion temperature 7; which is very close or even equal with neutral
and room temperature 7,,. Under such hypothesis the velocity distribution function

for each sort of particles; electrons, positive ions and neutrals is a Maxwellian one:

m % m V2
f,(V)=n, 2T exp T (1)

where the index s represents: e for electrons, i for ions and » for neutrals. The m;is
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mass of a particle of sort s. The n; and T have been previously defined for each
sort of particles.

i) the model is using the collisionless plasma. This assumption has to be accepted in
the sense that the thickness of the space charge region around the probe is much
smaller with respect to the mean free path of the particles. Consequently, any
collision within the sheath region can be neglected and free fall approximation can
be used for kinetic of the particles in the probe region where the electric force
produced by probe potential may act on the plasma particles

iv) the probe surface is non active. It does not emit any particle of any kind and do
not produce any chemical reaction.

Under these assumptions the electron and ion fluxes at the plane probe surface can be

expressed analytically versus potential of the probe with respect to plasma potential.

Let us, first consider situation when all three probes are inserted in the homogeneous
plasma under assumption presented above and each of them is at floating potential V. The
floating potential V' is negative with respect to plasma potential V), [2]. For the sake of
simplicity, let us consider the plasma potential as reference and V,= 0V. In this case V' <
0 and its value can be easily obtained taking into account that at floating potential the
total current intensity at the probe surface is zero. Analytical expression of the floating
potential is:
where, besides the quantities m;and 7, defined above there are: kz as Boltzmann constant
and e electron charge.

Next step is to consider the measuring circuit presented in Fig.1. Two d.c. power
supplies are used to polarize the probe P1 and probe P3 negatively with respect to the probe
P2. Consequently, potential }; of the probe P1 and potential V; of the probe P3 becomes
more negative than floating potential and potential V> of the probe 2 becomes positive with
respect to floating potential but it can not become positive with respect to plasma potential as
is presented in Fig.1.

(Questionl. Which is the reason that V, can not be positive with respect to plasma

potential ?).
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plasma

Fig.1 Principle of the Triple Probe system made of three identical plane probes and their
potential with respect to plasma potential (V, = 0V). I; = ionic current and I. = electron

current intensity from plasma to the probe system.

In this case the intensities of the currents flowing through each probe might be express as

following:

ev,
I, =1,—1_exp ——
1 i0 ~Leo p( kTeJ

eV

I,=-1,+1, exp(——ijJ 3)
ev.

1.=1, -1, expl——

3 i0 €0 p( kTej

where, the /;pand /.9 are the ion and electron saturation current intensities, respectively, which

are given by:

1 8kT,
1, =—nje |[—-S
4 m
8kT @
l,, = —lnoe =S
4 m
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These expressions can be easily obtained under assumption that thickness of the ion sheath is
very small comparing with diameter of the probe. In this case collecting area of the surface
which separate unperturbed plasma and ion sheath formed in front of the negative biased
probe can be considered as equal with area of the plane probe. Consequently, relations (4)
besides well known quantities previously defined contain the area S of one probe, which is
the same for each probe.
(Question 2: Please comment the approximation proposed. Which quantity is affected by this
approximation? What other consequences of real shape of the ion sheath boundary might be
considered?)
On the other hand, polarization of the probes 1 and 3 with respect to the probe 2 using
the d.c. power supplies U; and U;, respectively as in Fig.1 allows writing the equalities:
Ui=Vi-V; )
Us=V3-V>

Using relations (3) and (5) and a simple algebra it can be obtained the following ratio:

elU,
1—exp| —
I+1, kT,

= (6)
I,+1, ( eU3J
1—exp| — T

The ratio (6) includes the electron temperature 7, as one of desired plasma parameter which
can be calculated knowing the electrical tensions U; and U; and measuring the all three probe
currents I; I, and I3 respectively.

Once electron temperature 7, is known, another simple algebra on the same relations

(3) and (5) may allow finding the ion saturation current intensity of the probe as:

e
[1 —]3 eXp|:—kTAU:|
I,= (7)

i0
e
l1—exp| ——AU

Expression which include the quantity:

AU:VI—V3:U1—U3

and the ion saturation current intensity /), respectively, which allows to calculate the plasma

density using Bohm criteria [3] and surface area S of the plane probe:

I, 1 [m,
=0 - [T 8
M= e\/kTe ®)

Plasma Physics Laboratory, UAIC IASI, Romania | Page4l




The model proposed can be used also for any type of probes, plane, cylindrical or
spherical. The differences consist of analytical expression of the ion and electron current
collected by the probes. Fortunately, under Maxvellian distribution function of the electrons
the analytical form of the electron current for retarding potential of the probe as exponential
formula is still valid. The main differences related to the probe geometry consist in effective
area of the collecting for both ions and electrons, so that /) and [,y has to be treated
differently and probe geometry is important in calculation of the plasma density only. The
electron temperature can be calculated using ratio (3) for any kind of three identical probes.

3. Experimental set-up

The experimental is arranged in very suitable argon plasma produced by d. c. hot
cathode discharge with multipolar confinement system [4]. The plasma is produced in a
stainless still chamber filled with argon at the pressure in the range 5.10™ to 10~ mbar. The
probe system consists of three almost identical cylindrical probes made of tungsten weirs of

0.3 mm diameter and 5 mm length (Fig.2)

05V P
1

Fig. 2 Experimental set-up

(Question 3: What distance has to be considered between probes?)

1) Experiment 1.
In the first experiment is proposed to find electron temperature and density according to
formulas (6) and (8). Using the experimental device presented in Fig.2 the probes current

intensities /; I, and I respectively are measured for various values of the tensions U;and U;
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but constant discharge parameters (constant gas pressure, discharge current intensity and
discharge voltage).
(Suggestion: get series of experimental data for e.g. U; constant as parameter and U; as
independent variable. Calculate the T, and n, and find systematic and random errors. Discuss
the result).

i) Experiment 2.

The experiment can be simplified and prepared for direct measuring of electron
temperature. In order to do this it is necessary to reconsider the model described in theoretical
part. Thus, let us consider that probe 3 floating and both the d.c power supply and
ampermeter for /; replaced by a voltmeter with very high impedance so that I; = 0 A.

Consequently, /; = I, and the ratio (6) becomes:

eU, eU,
=1+ - 9
exp[ . ej exp( P ej )

In which the U; is applied externally from a d.c. power supply and U; is measured by

voltmeter in the circuit, which can be directly converted into electron temperature. The 7,
value is measured for different U;. Discuss the errors.
Questions: i) how the system can be used for non stationary plasmas?
ii) get the formula for plasma density?
General remarks:
1) taking into account the assumption made in the model of the TP which are the

main limitation of the method?

i) Can you indicate other limitations?
References
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PRACTICUM 6

Measuring of plasma potential with an emissive probe

C. Costin

Purpose
The purpose of this practical work is the direct measurement of plasma potential using

an emissive probe.

Theoretical background

An emissive probe is an electrostatic probe heated to electron emission. For a given
temperature of the probe, the thermal emission of electrons from the probe into the plasma
depends only on the relative voltage between the local plasma potential and the probe bias. It
does not depend on other plasma parameters (density, electron temperature, etc). That makes
the emissive probe a tool for direct measurement of plasma potential.

Such a probe usually consists of a short wire loop made of tungsten (Fig.1a), which is
externally heated by an electric current until electrons are emitted from the surface of the
metal, with a current density j.,, according to Richardson's law:

Jom = AT? exp[— ﬂj ,

k,T
where A is Richardson constant which depends on the material, 7 is the temperature of the
emitting metal, ¥ is the work function of the metal, e is the elementary charge (1.6x10™"° C)
and kg the Boltzmann constant (1.38x10™* J/K). The probe has to be made of a metal with a
very high melting point so that it can be heated to high temperature; therefore tungsten is one

reliable candidate.

W - wire

Ceramic tube

Cu - wire

Fig.1a. Schematic of an emissive probe Fig.1b. Photo of an emissive probe
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When the probe is not heated the emissive probe acts like a cold one, having similar
current-voltage (I-V) characteristic. When starting to heat the probe it emits electrons. The
thermal electron emission current can only flow from the probe towards the plasma as long as
the potential of the probe is below the plasma potential. A current of electrons flowing from
the probe towards the plasma is equivalent with an ion current flowing from the plasma
towards the probe. The two currents add each other resulting thus an increased “ion saturation
current” in the I-V characteristic. More the probe is heated, the higher is the “ion saturation
current” (Fig.2).

Knowing the relation between the floating potential of the probe (the potential
corresponding to a zero current flowing through the probe) and the plasma potential:

V,=V, —Mln(j_ﬂ],

e Joi
it can be noticed that the increase of the “ion saturation current” j, makes the floating
potential V; to approach to the plasma potential V), the latter two becoming equal when
Joi = Joe-

When the probe voltage becomes more positive than the plasma potential V), the
thermal emitted electrons are reflected by the plasma back to the probe and no emission
current can be detected anymore. The electron current coming from the plasma will be

detected as usual.

< 0.50-
E

-9c1d] 6 9
] probe (V)
e

el

hot

1

Iheating _050 _

Fig.2. Typical I-V characteristics of an emissive probe
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Thus, an emissive probes can be used to directly determine the plasma potential V), by

strongly heating the probe and measuring its floating potential. In practice, as seen in Fig.2,

this floating potential is not exactly the plasma potential but it can be considered a good

approximation of it. Since the emissive probe draws no current (when floating) it perturbs the

plasma much less than the cold probe drawing electron saturation current.

Experimental set-up

The emissive probe is placed in laboratory generated plasma with the purpose of

measuring the local plasma potential. Probe’s circuit is schematically shown in Fig.3. An

external power supply or battery is connected to the probe, generating a high current (of the

order of few A) that heats the probe until thermal electron emission (the wire becomes

incandescent). The entire circuit has to be floating with respect to the ground or any other

electrodes. The voltmeter measures the floating potential of the probe.

It has to be mentioned that when heating
the probe a voltage drop of a few V appears across
it. This will influence the voltage measured by the
voltmeter, depending on where the voltmeter is
connected with respect to the loop wire. Different
voltage will be measured if the voltmeter is
connected in the position 1 or 2 (see Fig.3). In
order to avoid this effect, an additional circuit
made of two identical resistors can be connected in
parallel with the probe. The same voltage drops on
the two resistors and on the loop wire, and thus the
potential measured in the position 3 is the same as
the potential of the midpoint of the loop (point 4).

If the interest is to draw the current-voltage
characteristic of the emissive probe, the voltmeter
in Fig.3 has to be replaced by the measuring circuit

described in Annex 2.

Suggestions for practicum

~

Plasma

Rt
Pt Ny

=i

Fig.3. Emissive probe’s circuit

1. Manufacture your own emissive probe head. Materials needed: ceramic tube, tungsten wire,

copper wire.
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2. Draw current-voltage characteristics of the emissive probe having the heating current as
parameter. Plot the variation of the floating potential with respect to the heating current.
Compare the floating potential of the emissive probe with the plasma potential as it is
obtained from the Langmuir probe theory. Decide the optimum heating current of the
emissive probe to be used for direct measurements of the plasma potential.

3. Measure directly the local plasma potential in laboratory generated plasma. Determine the

local electric field in the plasma form the spatial variation of the plasma potential.
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PRACTICUM 7
Determination of ion velocity distribution function by a retarding field

analyzer
L. Sirghi

The Retarding Field Analyzer (RFA) allows measurements of the kinetic energy
distribution function of charged plasma particles. Usually, the device is used to analyze the
kinetic energy or velocity distribution functions of ions, which is not possible to do with
Langmuir probes. In principle, the idea of RFA consists in using of a biased grid placed
between the plasma and a planar Langmuir probe, which collect the charged particles
separated by the grid (Fig. 1a). To analyze the ions, the grid is biased at a negative potential
to reject the plasma electrons. Analysis of ion energy by Langmuir probes in plasmas is
impossible because in the ion repelling region the probe collects the electron saturation
current, which is much larger than the ion current. Therefore, an ion separation grid is placed
between the plasma and the ion collecting electrode in order to reject the electrons back into
the plasma. Figure 2 presents I-V characteristics obtained by a RFA with a single grid biased
at -50V, -70V and -100 V, respectively, in the multipolar magnetically confined plasma.
Intentionally, this plot considers the ion collecting current negative and the electron
collecting current positive as for the Langmuir probe I-V characteristics. The I-V
characteristic obtained at ;= -50 V resembles the I-V characteristic of a single Langmuir
probe with a strong, but not complete, attenuation of the collected electron current. The
attenuation of the electron current is enhanced by the increase (in absolute value) of the
negative biasing potential of the grid, a total rejection of electrons being obtained at V', = -100
V.

1. Design and working principle of three grid retarding filed analyzer

However, using a RFA with a single grid has some problems that impede a correct
determination of ion kinetic energy distribution. Firstly, the negatively biased grid is hardly
rejecting all the plasma electrons in the case of plasmas with the Debye length smaller than
the holes of the grid because the plasma screens the electric field of the grid and can penetrate
into the space between the grid and the current collecting probe. This is why the total
rejection of electrons in the analyzer with a single grid is achieved only at large values of V,
(Fig. 2). To overcome, this problem the RFAs use a collimator to extract a small amount of

plasma particles and a plasma separation grid that is usually grounded to establish a reference
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for the electrostatic energy (Fig. 1b). The density of plasma after it diffuses in the collimator
space and separation grid is much smaller than the bulk plasma outside the RFA and this

yields a much larger Debye length at the electron separation grid G,. Indeed, the Debye

Ap = gofBTe = 7400mm - kBTE—[eE], 1)
e n nlem™ |

where kzT, is the electron temperature in eV, e, the elementary electric charge, &, the vacuum

length is computed by

dielectric permitivity, and n, the plasma density. Typical values of kT, and n for multipolar
magnetically confined plasma device are 0.6 eV and 6x10° cm™, respectively, which yeld a
Debye length of 74 um. This can be smaller than the dimension of grid holes (typically 150
um). A decrease of plasma density intro the collimator to about one tenth of its bulk value
leads to an increase of Debye length with a factor of 3.

A second problem of RFA with a single grid is caused by secondary electron emission
of RFA electrodes. The ion collecting probe (the plate of the RFA) is heated by energetic ions
(especially at large negative values of its biasing potential, V) and this may result in
secondary emission of electrons. This secondary emission current is “seen” on the RFA [-V
characteristic as an increase of the ion collected current, and this can result in a large
distortion of the determined ion energy distribution function. This effect is visible in Fig. 2,
which at large negative values of ¥, shows a larger collected ion current at V; = -100V than at
Vy = -70V. The solution of this problem consist in using a secondary emission suppression
grid biased negatively at few volts with respect of V), in order to reject the electrons emitted
through secondary emission by the plate of the analyzer. Therefore, the classical RFA used
by researchers to measure the ion kinetic energy distribution is a device with three grids as
represented in Fig. 1b. The spatial distribution of the space potential, Vs, in the RFA in the
ideal case of no screening of spatial charges is also represented. This latter condition is
fulfilled when the current density of electric charges collected by the RFA electrodes is much

smaller than the Child-Langmuir current density:

.4 fze y32
Jer 2550' ;7’ 2

where V is the electrode biasing potential, d, the thickness of space charge sheath, and m;, the
ion mass. This imposes restrictions on the values of biasing potential of RFA electrodes and

distance between them (not very high value of V" and very small values of d).
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While the collector potential V. is lower than the plasma potential V), the collector

(C) collects all the positive ions entering into the device. When

V. is made negative (V. < V})

the ions with the kinetic energy E. < e(V),-V,) are rejected and not collected by the plate. This

leads to sudden decrease of the ion current, /.. The I.(V,) characteristic gives the information

on the ion kinetic energy distribution.
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Fig. 1 Sketches of one-grid analyzer illustrating the principle of the io

n kinetic energy distribution

measurements (a) and the three-grid analyzer (b). The distribution of spatial potential in nearby plasma (where a
spatial sheath of positive spatial charge is formed) and inside the device is also illustrated. While the collector

potential Vc is lower than the plasma potential Vp, the collector (C) collects all
the device. When Vc is made negative (Vc < Vp) the ions with the kinetic ener

the positive ions entering into
gy Ec < e(Vp-Vc) are rejected

and not collected by the plate. This leads to sudden decrease of the ion current, Ic. The Ic(Vc) characteristic

gives the information on the ion kinetic energy distribution.
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Fig. 3 I-V characteristics obtained by a RFA with a single grid biased at -50V, -70V and -100 V, respectively, in
the multipolar magnetically confined plasma. The I-V characteristic obtained at V, = -50 resembles the I-V
characteristic of a single Langmuir probe with a large attenuation of the collected electron current. The
attenuation of the electron current is enhanced by the increase (in absolute value) of the negatively biasing
potential of the grid, a total rejection of electrons being obtained at ¥, =-100 V.

2. Theoretical background

The ion current collected by the RFA collector, /., is:

I,=0-e-4- v, f(v)-dv,, 3)
where e is the ion electrical charge, 4, the ion collecting area, 6, the total transparency of the
grids, fi(vy), the ion velocity distribution function along the RFA axis x, and v,;, is the
minimum velocity along the x axis of ions that reach the collector. This minimum velocity

corresponds to the minimum kinetic energy of ions:

2
m

RV
E =%=€(VC—V,,). “4)

imin

The eq. (3) leads straightforwardly to the fallowing equation for fi(v):

fi(Vx)V:\/m:_e_zl‘g._A'ch 5 (5)

where dI./dV. is the first derivative of I.(V,).
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For a Maxwellian ion distribution function,

1/2 >
m, my
. =n. | —t exp| ——* R 6
L) =n, [MT,- ] p[ o j (6)
the equation (3) yields the fallowing expression of /:
T 1/2 V

! e
I =e-n-6-4- L -expl —— |, 7
‘ (2”"":} P[ T; J @

where V' is the ion energy retarding potential (V' = V,-V),).
Therefore, in the ion energy retarding biasing potential (V. > V), the derivative dI./dV is:

1/2
dlc :_ez.n.g.A. ; .exp _ﬂ (8)
dv, 27-m;-T, T,

c 1

The eq. (8) gives fi(vy) for v, > 0 in the ion retarding potential of the I-V characteristic (V >
0). Figure 4 presents schematically the functions /.(V,) and dI./dV. given by eqgs. (7) and (8)
for a Maxwellian ion distribution function with 7; = 0.1 eV. At V= 0, the dI./dV, has a
discontinuity, dI./dV, being 0 for V' < 0 (where /. is constant and equal to the ion saturation
current intensity). The full width at half maximum of the peak value (FWHM) of di/dV. is
AV = T;dn2/e =0.69 -Ty/e, which estimates the ion temperature as 7; = 1.44-¢-AV.

However, the RFA is seldom picking up a drifted ion energy distribution due to the
positive charge sheath between the plasma separation grid and the bulk plasma (see Fig. 1 for
a schematic of space potential distribution in RFA). For a drifted Maxwellian ion energy
distribution function with temperature 7; and drifting velocity v;, the I-V characteristic of

RFA is given by the fallowing equation [x]:

o 7

where E; = myv;’/2 is the kinetic energy of ions corresponding to the drifting velocity v;.

1

1) =———n-0-4- ﬁ'exp{wlﬂ/”'—@erf{@J )

In this case:

u (),

1/2
c :—eznn-H-A- ; .eXp —_—
dv, 27-m,-T, T

And the FWHM of dI./dV. peak centered at V.. = V,+E/e (see Fig. 4) is AV = (4 AT -E, )/ e.

Note that in this case, 4V does not give direct information on 7;. Beacouse, usually, E; >> T,

AV is enlarged very much by the drift. If v; is the Bohm velocity, £; = 7, and
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AV =( I -T, )/ e. In this case knowledge of T, is required in order to find the value of T;.

For example, for a Maxwellian ion distribution with temperature 7; = 0.1 eV, AV is 0.069 V,
while for a drifting Maxwellian with Bohm velocity with 7;=0.1 eV and 7.=1 V, AV = 1.26
V. Figure 4 presents the theoretical I-V characteristics of a RFA picking up ions with

Maxwellin and drifted Maxwellian distributions, respectively.

— I (Maxwellian)

3.0
| — IC (drifted Maxwellian)

2.54
] I=0.1eV

201 | E=iy

1.51 : \
1.0 \

0.5 1

0.0 | L == . — ’[/ Y T \\:[ ™
20 15 10 -05 00 05 10 15 20
Ve-Vp V]

Fig. 4 Theoretical I-V characteristics and their derivatives obtained for a Maxwellian ion velocity distribution

function (7; = 0.1 eV) and for a drifted Maxwellian ion velocity distribution function (7;=0.1 eV and E;=1 V).

Experiment

Figure 5 presents a LabView panel with plots of /.(V,) characteristic and its first
derivative (dI./dV.) obtained with a three-grid RFA in the multipolar magnetically confined
plasma device. Details on the construction of RFA are presented in the practicum
documentation. The plasma separation grid was floating while the electron biasing grid was
biased at -70V. The biasing potential of the collector was swept 60 times between 0 and -15
V with steps dV = 0.015V and the corresponding /. data points were acquires 60 times for
each biasing potential value. The /. values were averaged to improve the signal-to-noise ratio.
The analyzer has been installed on the axis of the multipolar magnetically confined plasma
device at a distance of 10 cm from the end flange (see the practicum documentation). The
data has been collected in argon plasma at pressure of 4-10™ mbar, at a discharge current
intensity of 100 mA and discharge voltage of 70 V. A peak in dI/V, is observed near the
plasma potential, ¥,. The full width at half maximum of the peak value (FWHM) was
determined to about 0.85 eV.
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Nrepeat MNpoints Nmeas dt [5] time[s ] 1 m
V4 |60 1000 160000  [0.00024 |14.7881  DRY width } g dar/dv EaN
1.0 — B

-10.0 -9.0 -8.0 -7.0 -6.0 -5.0 -4.0 -3.0 -2.0 -1.0 0.0 |
biasing potential [ ¥ ]

Fig. 5 LabView front panel with an 1.-V. characteristic and its first derivative, dI/dV,, obtained in the
multipolar magnetically confined plasma (argon at 4 x 10 mbar, ad U, = 70 V and I, = 100 mA) with a three-
grid RFA. The electron separation grid has been biased at -70V and V, was swept between 0V and -15V is 1000
steps.

The shape of I-V characteristic and the FWHM value of its derivative indicate that the RFA is
picking up ions accelerated in a plasma sheath at Bohm speed. A value of 1.3 eV can be
considered for the drifting kinetic energy on the basis of electron temperature measurements
(see Practicum 1). This determines a value of 0.04 eV for 7.

Determination of ion concentration is possible if the total transparency factor of the
grids, S, is known.
References
[x] N. Hershkowitz, Plasma Diagnostics, Vol 1(Ed. Orlando Auciello and Daniel L. Flamm,
Academic Press Inc. Boston, San Diego 1989), Chap. 3, p. 123.
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DOCUMENTATION 2

Data acquisition system for automatic acquisition of electrical probe I-V characteristics
L. Sirghi

Basically, the data acquisition system used for acquisition of probe [-V characteristics
consists of an electrical power supply used for probe biasing and a current intensity
instrument connected as in Fig. 1. In order to perform the data acquisition automatically and
to save the I-V data digitally on a PC, these two devices should be controlled by a computer
via digital-to-analog (DAC) and analog-to-digital (ADC) converters. The number of data
points (measurements) and timing of the I-V acquisition is defined by user according to the
performances of PC, DAC, and ADC. The sweeping the probe biasing potential, V', between
certain user defined values (V,,, and V) is done in N steps, at each step V; being increased
with AV = (Vyax-Vmin)/(N-1). The value of AV is important because it defines the voltage
resolution of the measurement. The measurement of probe current, /, at certain value of the
biasing voltage can be repeated of N, times and averaged in order to increase the signal to

noise ratio.

current
intensity
instrument
—C0 O
probe biasing
source

Fig. 1 The block diagram of a data acquisition system used in automatic acquisition of I-V probe characteristics.
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There are some common problems related to the use of the digital data acquisition
system for automatic acquisition of Langmuir probe [-V characteristics as it fallows:
1) As it is shown in Fig. 1, the probe biasing circuit should contain a reference electrode that
should have a good electrical contact with plasma. The area of the electrode should be much
larger than the active area of the probe so that the ion saturation current of the reference
electrode to be larger than the electron saturation current of the probe;
2) The probe biasing power supply should generate the biasing voltage values around plasma
potential V), in a sufficiently large interval (ex. Viyin = V,-10V, Vo = V,+10 V). This can be a
problem if V), is very large. Fortunately, V), for multi polar magnetically confined plasma has
values around 0 V.

3) The current intensity instrument should be floating. In the case it is not, the V3, which is

the bias voltage at the instrument input terminals, can not exceed the certain limited values

(usually £ 15 V).

Fig. 2 The block diagram of a data acquisition system used in automatic acquisition of I-V characteristics for a
double probe. The measuring circuit and the double probe should be floating with respect to plasma. Therefore
the plasma system and the measuring system should not have a common ground.
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4) The PC, biasing power source and plasma device (reference electrode) should have a
common ground. This means that this data acquisition system can not be used for acquisition
of double probe I-V characteristics, because in this case the measuring circuit should be
floating with respect to plasma (Fig. 2).
5) The voltage generated by the electrical power supply (biasing source) can be different of
the biasing voltage due to the finite internal electrical resistance (impedance) of the current
intensity measuring instrument.

The data acquisition system used in our laboratory overcomes all these problems by
using a Source Meter Instrument (SMI) (2612A from Keithley) connected to a PC (Fig. 3).
The SMI can generate a biasing voltage in the range = 200V and measure in the same time, or
with a user-defined delay time, the probe current intensity. The instrument has an internal
processor that controls the data acquisition according to the user settings. Moreover, the
current source of the SMI can be connected in the probe biasing circuit in either single ended
or floating configurations, which means that the SMU can be used for either single or double

probe measurements.

e e
probe 1 Insirument

{Keithley 2612 A Ch A)

rﬁgéggg%

LO — sounce output {low) — Vo
HI — sounce output {hegh)

51O —sensor mput {low)
SHI — sensor input (high) ﬁ_”"" PC

Fig. 3 Block diagram and electrical connection of automatic data acquisition system used for acquisition of
probe I-V characteristics. The system uses a source meter instrument (SMI) connected to a PC through a LAN
connection. The source output and sensor input terminals are connected to the probe in remote sensing
connection.
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Figure 3 presents a sketch of the probe biasing circuit that uses the SMI Keithley 2612A

connected to a PC through a LAN connection. The voltage source and current reading

instrument of the SMI is connected to the probe in the remote sensing configuration on the

channel A of the SMI. The LAN connection of the SMI to the PCI is done via Internet

Explorer by using the IP address of the instrument (169.254.0.1 in the case shown in Fig. 4).

Following this, the Internet Explorer accesses the Home Page of the SMI (Fig. 5).

75 You are offfine - Windows Internet Explorer - [Working Offiine]
e o

- — 3 htpi//169.254.0.1/
— Ml Desktop
Wk ‘ & £] http://highered.megraw-hill.com/olcweb/cgi/pluginpop.cqifit=swt::800:600:/sites/ I /free/0072482621 78780/ HR_Nav.swf:H-R%20Diagram
=== | http://www.yahoo.com/
= Ci\Users\Plasma\Desktophdiagnoza plasmei\langruirl\10mart2011
|@ | C\Users\Plasma\Desktop\diagnoza plasmei\langmuirl\10mart2011\id120ma
L £ http://googlero/
FA
£ http://www.google.com/
. Ci\Users\Plasma\Decuments.
=
£ www.yshoo.com

R

| hitp://www.msn.com/ E ]

] »

Fig. 4 Connection of the SMI to PC via Windows Internet Explorer

o Wirekrns Intermet Exploer - (Wertog (e |

& -
WG| U Keahley Instruments - 26124 - Main Fiw B - oo o= hage (BTechw
’ ’
KEITHLEY
A GREATER MEASURE GF CONFIDENGE
LX1 Web lserface - Wekiome Page
Wekcome Pags
5 Instrusent Model 2612 System SenmeeMeter®
IPC rabion
Mamfactwer Keithbey lsstramests
Set Password :
o - Firmreare Revision 116
= Seral Hussber 1330982
¥ Tont
Keithley SMU 26124 382
ST Description: Keithley lnstrumests SMU 26124 - 133038
LXI Classc C
TSPE Express
LXI Version: 12
Leg
MAC Address: O0SE1ADIETR]
Glosary
TCPIP Address 16925401
Gatrway, 0.0.0.0
-]
Subnetmask 28528500
Lan Connectionr 100N, Full Duglex
Host Name (FQDN) 169.3540.1
0.0.0.0
DS Servers: 0000
0000
DST- 5030
R Socket 8026
R Tebet 23
VXI-11 Core: 1024
TCPIPfbeard]:169.254 0. 1-5025-50CKET
= GPIB[board] 26-INSTR
ot fekirnm Sk ASBL [board]-INSTR
TCPIP[board]-169.254.0. 1-inst0-INSTR
Semu A Calbwation Date: Fri Ape 29 122640 2011

T 0 ) Internet | Protected Mede: O

Fig. 5. Example of the SMI home page.
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The probe I-V characteristic acquisition can be controlled by the TSP Express software

program, which is launched from the SMI home page. Figure 6 presents an example of quick

start of Single SMU sweeps measurements program used for automatic acquisition of the

probe [-V characteristics.

Keithley Instruments, Inc. - TSP® Express

File Edit [nstrument View Help

mEE ¢ @

TSP (Etresy

Quick & Ensy I-V Test

Quick Start:

Single SMU sweeps and measurements

Tools:

i_) View or change instrument configuration

ial SDM (Source-Delay-

@ -

Advanced Sequential SDM

E FET Sweep Example Project

y
Creates a scriptto sweep one or more SMUS over a specified voltage or currentrange and measure the response.

_lI Open an existing script
j | MNew script
Outline view of script

auto-navigate Index 3

TSP® EXpress Introduction

TSP Express is a utility that easily

Instruments Series 2600A
SourceMeter™ Instruments (SMU). Click
here for a quick step-by-step example
TSP Express may be |aunchedviaa
web link from any Series 2600A
instrument or by using a shortcut on the
PC. See launching the application for
more details.

The start-up screen is the TSP Express
project wizard. It provides a menu of
choices for building new test scripts as
‘well as options for opening existing
projects and scripts. It also allows the
user to view or change instrument
configurations. The start-up screen is
shown whenever TSP Express is
launched or when an existing project is
closed ( File > Close Project). To work
with scripts or projects, select from the
following options:

Fig. 6 Launching the Single SMU (source measuring unit) sweeps and measurements

rKe!ﬂ:I_ey‘]n_slml:Aemisz life - TSP® Express

File Edit Instrument View Help

nig ¢ »yce

Edit | Sweep | Data

[ Name | B

Bias_SMU

r Step (outer):

#steps: |1

Name

Source Range

Sweep (inner)

r Sweep C Channel C:
peep | D Sweep Segment Device Assignment -
Sh. localnode.smuf | [
focanodesmas 28] -
Auto-range available: [ ] localnode. smuj
High-C available: (]

[ Step (1 step max.)

"y

Sweep

— |localnode.smua (26124)

15

200 mwidiv

AN msiiv

Custom: [] | | #points:
Name Pulse So||
Sweep_SMU [l 2V
[l To assign & device, click on it and click'add device’ fright anow)
- SMU Output To unessign a device, click on it and click remove device' (left amow)

creates runnable scripts for the Keithley

Fig. 7 Assignment of channel A (localnode.smua) for sweeping the biasing voltage of the Langmuir probe. The

channel B of the instrument is not used.
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The I-V probe data acquisition is controlled by the TSP Express program fallowing the user
settings of SMU Assignment, channel configuration, timing, sweep configuration as is

illustrated by the Figures 7, 8, 9, and 10.

Keithley Instruments, Inc, - TSP® Express

File Edit Instrument View Help
BT ¢ @
Sweep Data

r Sweep Configuration——y pChannel Configurati [

SMU A | 1] ‘]’ype‘ HName |SoumeFuncljon‘SourueMode‘ Meas. Function ‘Mvancee
ccsossams e Srss, ] o | vt |- fres || -

Auto-range available: [ ]

HighC available: [ ] Sweep_SMU (Sweep) Properties e
——
| Name [ Source Range Asymptote:
NOTE us= SMUAR|  source Limitl: 5.0 mA =
|  Step {outer) Source Limit V:
#steps: [1
[ Name [ Source Range [ start

NOTE: use "SMU Ass

Sweep (inner)

Custom: [ ] ! Edit ... ‘ # points: |1U

[ Name Pulse | Source Range |

N T -
q Il D] |

Fig. 8 Setting of the SMU channel configuration (sensing mode and source current intensity limit).

Keithley Instruments, Inc, - TSP® Express

file Edit Instrument View Help
Big ¢ @
Edit | Sweep | Data

r Sweep Ci -Channel Config== ﬁi
Timing
SMU Assignment... D -_—
NPLC: [0 |
=

Auto-range available: [ |

AutoZero [oncE

ll
High-C available: o Source Delay Type: ‘osr ‘ - ‘

Bias: Source Delay:
L Name [ Sourd | easure Count (perstep): |10 |
Measure Delay Type: ‘{)FF ‘V‘
ol r Step (outer)}———mM8M8M8Mm
#steps: |1
Name Source Range Measure Delay Fac
Measure Filter Enable: [OFF [~]
Sweep (inner)
Custom: [] Edit .. # points e ‘ ‘ ‘
Hame Pulse i Measure Filter
e Sl = E Measure Analog Filter: ‘DFF ‘v‘

[l

rSMU Output |

e
200 i ||

Fig. 9 Setting of the data acquisition timing parameters. To improve the signal to noise ratio, the current
intensity readings for each voltage step is set to 10 times. Also, the program allow for setting of a delay time
between voltage update and current intensity reading.
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Keithley Instruments, Inc, - TSPE Express

File Edit Instrument View Help
MEOR ¢ 9@
[ Eait | sweep [ Data |
r Sweep Configuration—— rChannel Configuration 1=
SMU Assi [ D | Type | Mame | Source Function| Source Mode  Meas. Function |Advance(
II‘ localnode.smua Sweep |Sweep_SMU |v0rlage |v‘ |Norma\ |v‘ |cnrrent |v| l:l
Auto-range available: [_]
High-C available: L
Bias:
[ Hame [ Source Range Source Value Meas. Range
NOTE: use 'SMU Assignment...' to add bias channel L
r Step (outer)
# steps: |1
| Name | Source Range | Start [ Stop | Style [ Meas. Range
NOTE: use ‘SMU Assignment..." to add step channel
Sweep (inner)
custom: [ | | #ponts: [1000 | tmeipoint: [1ms |
| Name | Puise | Source Range \ Start | Stop | Bias ‘ Style | Meas. Range |
Sweep_SMU = [20v |=|[200v |[eoov | [t |~|fwown |~|[]
il il [ vl |
o weep_Shil ()
aWidiv
Os 100 msfdiv a0 ms 1s

Fig. 10 Example of settings used for sweeping of the probe biasing voltage between -20V and +20V in 1000
steps in 1 ms time per step, the scale of the current intensity sensor being 100 pA.

Keithley Instruments, Inc. - TSP® Express

File Edit Instrument View Help
BIR ¢ IC@®
Edit Sweep | Data

rData Collection Options (set prior to running script):

Data source: Sweep {automatically determined by position of Data Report in script)

Buffers: |AUTO v| =

rData Display (collected automatically when script is run)

Status: Run complete.

Display: |Grapn "‘

X Axis: |50ume\:’a\ue (localnode.smua.nvbuffer1) ‘V‘ Y Axis: |Reading {localnode.smua.nvbuffer1) ‘v

[]LOG Device Source LILOG [Timestamp (localnode.smua.nvbuffer1)

Source Value (localnode.smua.nvbuffer1)
[] Start GMT Timestamp: 9/14/11 4:44 {R€ading (locainode.smua.nvbufreri)

0.003

0.002

o.001

Reading {localnode.smua.mbuffer1)

-10 o 10 20
Source Value (localnode.smua.nvhuffer 1)

Export... ] Maximize

Fig. 11 View of the I-V characteristic as a plot of I as function of V
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After the data acquisition parameters being settled, the program can be run to acquire the
probe [-V characteristics. The I-V data can be viewed as a plot on a graph (Fig. 11) oras a
table (Fig. 12). Finally, the data can be saved as a (coma separated values) CSV type file by
pushing the “Export” button. The CVS files with data if the probe I-V characteristics are
processed oftline by loading them by specialized software in LabView. Figures 13 and 14
presents the front panel and the block diagram of the LabView program used to read the CVS
files and to provide the averaged I-V characteristics in the increasing order of the sweeping

voltage.

Fle Edit Instument View Help
IR ? 2@
|/ Edit | sweep | pata

Data Collection Options (set prior to running script)

Data source: Sweep {automatically determined by position of Data Report in script)

Bulfers: ‘

Data Display (collected automatically when script is run}

Status: Run complete.

Display: ‘Tnﬂe "‘
AXIS] Y Axis:
| [ v ]
CJLoG Device Source [JLoG Device Measure

[[] Start GMT Timestamp: 9/14/11 4:44 AM 0.455421 (GMT)

localnode.smua.nvbuffert
9/14/11 4:44 AM 0.455421 (GMT)
localnode.s mua.nvbuffer! =

Timestamp. Source Value Reading =
0.0 -20.0 -2.915501E-5
6.4E-5 -20.0 -1.924813E-4
1.3E-4 -20.0 -1.055121E-5
1.95E-4 -20.0 -1.725793E-5
2.6E-4 -20.0 -2.003434E-5
3.25E-4 -20.0 -1.833916E-5
3.9E-4 -20.0 -2.309799E-5
4.55E-4 -20.0 -2.05028E-5
5.2E-4 -20.0 -2.17998E-5
5.86E-4 -20.0 -1.898766E-5
8.9E-4 -19.95996 -2.136707E-5
9.55E-4 -19.95996 -1.963735E-5
0.00102 -19.95996 -2.007008E-5
0.001085 -19.95996 -2.071857E-5
0.00115 -19.95996 -2.158403E-5 -]

Fig. 12 View of the I-V characteristic data as a table. The button “Export” is used to save the data into a CSV
type file.
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Fig. 2 The front panel of the LabView program that open and read the CSV files with probe I-V characteristic

data.
o s the oy 1
meas = number of measurement points [arange the data in order of increasing Vb!
Read the head of the CSV File

T b
ints = nr of Vb values at which 1 is measured L] ﬂ

T 'Iime [s] y
Eets (e &
————— 0
gt L L

B

f S e

— g :
21 Build XY
EE_M_

[ I E— Ed

=l

s -y
1 multiplication factor :]—l&l—
&5 1

Evuaq!ﬂ!!] values acquired at the same Vb
nd com) the SO

Fig. 2 The block diagram of the LabView program that open and read the CSV files with probe I-V
characteristic data.
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DOCUMENTATION 2

Multi-polar Magnetically Confined Plasma Diagnostics by Electrical Probes
L. Sirghi

The present documentation gives technique details on construction and usage of:
1. multi-polar magnetically confined plasma device and the vacuum pumping system
2. home-made probes (single, double, triple and emissive probe with direct heating)
3. home-made electrostatic analyzer with tree grids.
4. probe biasing circuit and digital data acquisition of probe I-V characteristics.
1. Construction of the multi-polar magnetically confined plasma device

Figure 1 presents schematically the multi-polar magnetically confined plasma device
used in the present practicum. The device uses a large (40 L) discharge chamber connected to
a vacuum system and a gas feeding circuit. Inside the chamber there are mounted one or two
cathodes and one or two cylindrical anodes with rows of magnets to generate a confining

magnetic field near the anode and discharge chamber walls.

0-50V
10A

gas
feeding

0-200v

300 mA
Langmuir
probe

- l

vacuum
system

Fig. 1 Sketch of multi-polar magnetically confined plasma device used in the practicum.
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The plasma is obtained by maintaining an electrical discharge between the cathode, which is
heated to the thermoemission, and the anode, which can be the inner wall of the discharge
chamber, in a gas (usually argon) at a pressure ranged between 10™ to 10~ mbar.

The main part of the multi-polar magnetically confined plasma device is the discharge
chamber, which is made from stainless steel walls with thickness of about 10 mm. Figure 2
presents a photo of the inside of the dismounted chamber (without lateral flanges, anode and
cathode). The upper apertures are used for filament cathode and anode connections, while the
bottom aperture is used for connection to the vacuum system. The lateral aperture is used for
a visualization window. Figure 2 present a detailed technical sketch of the chamber with all

dimensions given in mm.

Fig. 2 Photo of the inside part of the chamber used in the multi-polar magnetically confined plasma device. The
upper apertures are used for filament cathode connections, while the bottom aperture is used for connection to

the vacuum system. The lateral aperture is used for a visualization window.
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The lateral (left and right) openings of the chamber are connected to flanges (which are also
represented on the sketch) while the upper openings are used for cathode and anode
connections. The bottom opening is connected to the vacuum system. The flanges have many
openings used for mounting of the electrical probes and gas feeding system. Figure 3 presents
a technical drawing with the view of one end of the discharge chamber, where a flange is
mounted to close the chamber. The end has a channel (10 mm in width, 5Smm in depth and
320 mm in diameter) for the rubber O-ring used to seal the chamber when the flange is tightly
mounted by 8 screws (@=9 mm) and groves (not shown). The rubber O-ring and the channel

is visible in the photo shown in Fig 1 and are also represented in the drawings in Figs 2 and 3.

90
| rubber O-ring
|zl 2= i Bl =
30 s 1=
O a T i © O
e~
120 0 w0 o 60 | 1
o
A
o
/ ol
il 90 i U
« >
150
’ 520 « >
vacuum pumps

Fig. 3 Technical drawing with the cross section view of the discharge chamber. Al the dimensions are given in
mm. The lateral (left and right) openings of the chamber are connected to flanges (which are also represented on
the sketch) while the upper openings are used for cathode and anode connections. The bottom opening is
connected to the vacuum system. The flanges have many openings (not shown) used for mounting of the
electrical probes and gas feeding inlet.
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Fig. 4Technical drawing with the view of one end of the discharge chamber. The chamber end has a channel
(320 mm in diameter, 10 mm in width and Smm in depth) for the rubber O-rings and 8 holes (10 mm in diameter)
for mounting of the end flange.

The anode is a cylinder (270 mm in diameter and 250 mm in length) made of stainless
steel foil (2 mm in thickness). Figure 4 shows a photo of one cylindrical anode. Rows of
magnets are mounted on the inner part of the anode. The multi-polar magnetically confined
plasma device in the Plasma Physics Laboratory of lasi has two anodes with length of 250
mm. One anode is connected electrically to the ground while the other can be connected to a
different electrical potential through a dc power supply. This configuration allow for running
of two independent plasma sources in the same discharge chamber. However, for simplicity
the two anodes are both connected to the ground. The two anodes with the length of 250 mm
each can be replaced by one anode with the total length of 500 mm. A technical drawing
representing the top view of the cylindrical anode is given in Fig. 5. The rows of magnets
(with cross section of 7x10 mm?* and with magnetic field of 300 Gs at surface) are mounted

with alternate polarity with a space of about 30 mm between neighbor rows.
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Fig. 5 Photo of the anode of the multi-polar magnetically confined plasma device. The anode is a cylinder made
of stainless steel foil (2 mm in thickness). Rows of magnets are mounted on the inner part of the anode.
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Fig. 6 Technical drawing of the top view of the anode of the multi-polar magnetically confined plasma device.
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Note that the inner diameter of the anode with magnets is about 250 mm, this allowing a large
volume of magnetically unperturbed plasma. Indeed, the distributions of the radial (B,) and
tangential (B,) (parallel to the anode wall) of the magnetic field along a radius of the
discharge chamber (Fig. 6) shows that the magnetic filed is strong in an anodic sheath with
thickness of about 5 cm . This means that probe measurements are not affected by the
magnetic filed only if the probes are mounted at a distance larger than 5 cm from the anode.
Therefore, the magnetic free region of the multi-polar magnetically confined plasma device is
a cylindrical region on the center of the discharge chamber with the diameter of about 150
mm. This means that the probes must be mounted as close possible to the discharge chamber

axis (or at a distance smaller than 70 mm from the discharge chamber axis).
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Fig. 7 Distribution of radial (B,) and tangential (B,) components of the magnetic field along a radius of the
discharge chamber. The radial component was measured along a radius that cross the center of a magnet row,
while the tangential component (parallel to the anode wall) was measured along a radius placed between two
neighbor rows of magnets, where the parallel component of the magnetic filed is maximum.
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The anodes (or the anode) are mounted inside the discharge chamber with the help of six
holders that assure a gap distance of about 15 mm between the inner wall of the discharge
chamber and the outer surface of the anode. If the anode is insulated electrically from the
ground (chamber walls) the holders are made from an electrically insulator material (ceramic).
Otherwise, the holders are made from electrically conducting material. Figure 7 shows a
photo of the discharge chamber with the anodes mounted inside. In this case there have been

used two anodes, one being grounded and the other being insulated.

Fig. 8 Photo of the discharge chamber of the multi-polar magnetically confined plasma device with the anodes
mounted inside. The front anode is grounded (the anode holders are made of stainless steel) while the back
anode is insulated. The front end of the discharge chamber with the rubber O-ring used for vacuum sealing is
clearly visible.
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Fig. 9 Photo of one of the cathodes used in the multi-polar magnetically confined plasma device.
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Fig. 10 Technical drawing of the cathode used in
the multi-polar magnetically confined plasma
device
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The two cathodes were mounted on the two upper openings (left and right) of the discharge
chamber by the help of two flanges with electrical feed through for direct heating of the
filaments. Figure 8 presents a photo of one cathode which shows the flange with the copper
electrodes for direct heating of the filament. The filament is made of tungsten wire (0.3 mm
in diameter and 9 mm in length) and is mounted on the electrical feeding electrodes with
screws. A technical drawing of one cathode where all dimensions are given in mm is
represented in Fig 9. The cathodes should be mounted in the openings of the anodes so that
the filament is inside the discharge chamber at a distance of few centimeters from the inner

side of the anode (as it is seen in the photo presented by Fig 10).

L

Fig. 11 Photo of the cathode mounted on the discharge chamber of the in the multi-polar magnetically confined
plasma device

The flanges are two disks with diameter of 370 mm with various openings used for
mounting of the electrical probes and gas feeding. Figure 11 shows the photo of one of the
flanges with a Langmuir probe mounted and with an opening used for the gas feeding inlet.
Details on the Langmuir probe construction will be given below. On the flange there are
mounted circular rows of magnets with alternate polarities (each row has the same polarity
and neighbor rows have different polarities) in order to generate the multi-polar magnetic

filed used to confine the plasma into the discharge chamber.
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Fig. 12 Photo of a flange used for sealing of one end of the discharge chamber. The flange has one opening on
which is mounted a Langmuir probe. Circular rows of magnets are used to generate the multi-polar magnetic
field used in plasma confinement.

The discharge chamber is coupled directly to a vacuum pumping system formed by a
turbomolecular pump and a dry scroll pump (Turbo-V 301-AG from Agilent Technologies)
and mounted on a frame made from iron corner bars. A photo of the plasma machine
connected to the vacuum system and mounted on the frame is given in Fig. 12. Figure 13
presents a technical drawing of the frame, vacuum system and discharge chamber (all
dimension are given in mm). The vacuum aggregate has a pressure gauge that measure the
pressure into the chamber in the range 1000 mbar -10” mbar. Practically, a minimum
pressure of 10™ mbar is achieved in about 15 minutes of pumping (the time can be shorter or
longer, function of the vacuum state in the chamber at the moment the pumping started).

The discharge chamber is connected to a gas (argon) supply bottle (visible in the
photo in Fig. 12) through a pressure reduction system and a needle valve. The needle valve is

used to control the flux of gas that flow through the discharge chamber and thus the gas
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pressure. The pressure in the discharge chamber is shown on the screen of the electronic unit
of the vacuum aggregate.

To obtain the multi pole magnetically confined plasma, the discharge chamber is
vacuumed down to the minimum pressure (the needle valve and the gas feeding system are
closed). Then, the gas feeding is open and the pressure into the chamber is adjusted in the
range 10 10-5 mbar. While the cathode is biased by a discharge power supply (LG 350V 1A
from Heisenger) negatively to a potential of about 70 V with the respect of anode, the
cathode filament is heated gradually until thermoemission by a direct current from a power
supply (LG 32V 6A from Heisenger). To do this, the heating current intensity is increased
gradually until a finite discharge current intensity is noticed in the main discharge circuit (see
Fig. 1). The discharge current is limited by emission current, so that the discharge current
intensity is controlled by the cathode heating current. The heating current intensity is adjusted
to have a discharge current intensity ranged between 50 mA and 200 mA. In these conditions
the plasma starts inside the chamber, which is noticed by the blue light coming from the

visualization window.

y

L

Fig. 13 Photo of the discharge chamber connected to the vacuum aggregate and mounted on the iron frame.
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Fig. 14 Technical drawing of the metallic frame used to mount the discharge chamber, the vacuum aggregate,
the electrical power supply sources for discharge and cathode heating, and the probe I-V characteristic
measuring system.

Figure 14 shows current-voltage characteristics of the electrical discharge that maintain
plasma in the multi polar magnetically confined plasma device at three values of cathode

emission current. The discharge breaks down at a voltage around 22 V, when the discharge
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current rises steeply with the increase of the voltage to values limited by the cathode emission
current. The discharge current intensity, the discharge voltage, and the gas pressure are the
main discharge parameters that determine the plasma parameters to be measured by the
electrical probes, i.e. plasma density, the electron temperature, the plasma potential, and the
floating potential. Usually, a stable discharge in argon plasma is operated at a discharge

voltage of 70V and discharge current intensity of 100 mA.

Fig. 14. Typical I-V characteristics of electrical discharge in the multi polar magnetically confined plasma
device at three values of cathode emission current. The discharge was run in argon at 2x10* mbar.

Plasma Physics Laboratory, UAIC IASI, Romania | Page76




2. Construction of home-made probes (single, double, triple and emissive probe with
direct heating)

Figure 14 presents a photo (a) and a technical drawing (b) of a single cylindrical
Langmuir probe made from a tungsten wire (2) with diameter of 0.3 mm and active length
(part inserted in plasma) of 7 mm. The tungsten wire (about 50 mm in total length) is
connected electrically through a cupper wire (3), which is wrapped around it on a length of
about 2 cm, to an electric connector. The tungsten and cupper wires are inserted in a ceramic
tube (1) with length of about 100 mm, inner diameter of 0.5 mm and outer diameter of 1.2
mm. The double and triple probes are fabricated on the basis of the same principle [Figures
14 (¢) and (d)].
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Fig. 15 Photo (a) and technical drawing (b) of a single Langmuir probe. Figures (c) and (d) shows technical
drawings of double and triple Langmuir probes, respectively.

The emissive probe has been constructed from a thin tungsten wire (® = 0.12 mm)
with the length of 4 cm. The wire (2) was bent to make a loop (see Fig. 15) and the ends were
inserted in two capillary stainless steel tubes (4). At the free end of capillary tubes were
inserted two copper wires (3) for the electrical connection to the heating electrical power
supply and biasing electrical power supply. The capillary tubes were pressed to form a firm

electrical contact. The loop (2) and the connection wires (3) were inserted into a ceramic tube
with two channels.
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Fig. 15 Technical drawing of an emissive Langmuir probe.
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3. Construction of home-made electrostatic analyzer with tree grids.

Figure 17 shows a photo (a) and a technical drawing (b) of the electrostatic analyzer
used to determine the energy distribution function of ions in the multipolar magnetically
confined plasma. The analyzer is a system of one collector probe (P) with three grids: plasma
separating grid (9), which is a floating or a grounded grid that separates the plasma from the
analyzer; the electron separation grid (G;), which is a grid used to reject plasma electrons and
biased negatively with respect to the plasma potential at a biased voltage of about -100 V,
and secondary electron emission suppression grid (G;), which is a grid used to reject the
electrons emitted by the collector probe (P) by secondary electron emission caused by the
energetic positive ions. The whole device is encapsulated in a metal (stainless steel) capsule
made from a cylinder (3) and 2 leads (1) and (4). The plasma particles enter into the device
through the opening (® = 1.2 mm) of a stainless steel diaphragm (2). A stainless steel piece
(7) is used to create a distance of about 8 mm between the diaphragm and the plasma
separation grid (9), which in this case is grounded as the diaphragm and capsule. The
electrical connections to the grids are made through cooper wires which are pressed onto the
grids. The plate and grids are mounted on a ceramic piece (5) fixed on the metallic body (3)
of the analyzer. The grids are electrically and mechanically separated by small roundels (0.2
mm in thickness, 8mm in inner diameter and 12 mm in outer diameter) made of mica (6). The
mesh grid (9) made of stainless steel wires (0.15 mm in diameter) has a spatial constant of
0.25 mm. The mesh grids G; and G; made of stainless steel wires with diameter of 0.1 mm

have a spatial constant of 0.2 mm.
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Fig. 14 Photo (a) and technical drawing (b) of a electrostatic analyzer with three grids, plasma separation grid
(9), electron separation grid (G,), and secondary ion emission suppressing grid (G;). The whole device is
encapsulated in a metal (stainless steal) capsule made from a cylinder (3) and 2 leads (1) and (4). The plasma
particles enter into the device through the opening (® = 1.2 mm) of a diaphragm (2). The diaphragm and the
capsule are grounded while the plasma separation grid is floating.
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